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ABSTRACT 
Ul t r av io l e t  bandpass in t e r f e rence  f i l t e r s  a r e  de- 
signed and produced which have low transmission i n  the 
v i s i b l e  s p e c t r a l  r e g i o n  and a narrower transmission peak 
than conventional u l t r a v i o l e t  f i l t e r s .  These f i l t e r s  con- 
t a i n  many t h i n  f i lms  deposited by vacuum evaporation on a 
t ransparent  fused quartz  subs t ra te .  The b a s i c  f i l t e r  design 
i s  a s i n g l e  m e t a l  layer  sandwiched between two many- 
layered s tacks  which a r e  designed so t h a t ,  f o r  l i g h t  of t h e  
des i r ed  wavelength, mult iple  r e f l e c t i o n s  between t h e  layer  
i n t e r f a c e s  des t ruc t ive ly  i n t e r f e r e  with t h e  r e f l e c t i o n s  
from t h e  metal surfaces .  I n  a l i m i t e d  s p e c t r a l  region near 
t h e  wavelength of i n t e r e s t ,  t h e  r e f l ec t ance  i s  g r e a t l y  
reduced. This a n t i r e f l e c t i o n  of t h e  metal  f i lm  enhances 
i t s  transmission i n  t h a t  s p e c t r a l  region.  
The maximum a t t a inab le  t ransmit tance i s  derived from 
basic p r inc ip l e s .  In  addi t ion,  it i s  proved t h a t  the maxi- 
mum t ransmit tance occurs only when t h e  r e f l ec t ance  from 
e i t h e r  s i d e  i s  zero. 
Systematic techniques f o r  designing t h i s  type of 
f i l t e r  are developed and i l l u s t r a t e d  i n  an example, which 
i v  
I 
has  a peak t ransmit tance of 0.64 a t  0.2537 microns, a f u l l  
bandwidth a t  half-maximum of 0.0065 microns, and 0.025 back- 
ground transmittance.  The con t r a s t  and peak t ransmit tance 
I 
are computed and i l l u s t r a t e d  a s  funct ions of t h e  thickness ,  
r e f r a c t i v e  index and absorption constant  of t h e  metal  f i lm,  
Since aluminum i s  t h e  best metal  t o  use i n  t h i s  type of 
u l t r a v i o l e t  f i l t e r ,  t h e  peak t ransmit tance,  c o n t r a s t ,  
and bandpass are indica ted  f o r  aluminum versus f i lm  thick-  
ness  and wavelength. 
Several  experimental bandpass f i l t e r s  of t h i s  type 
w e r e  produced using aluminum a s  t h e  metal .  The measured 
t ransmit tance properties of t hese  f i l t e r s  p a r a l l e l  c lose ly  
t h e i r  computed curves.  Among the  experimental  parameters 
va r i ed  a r e  t h e  phase dispers ion and absorption i n  t h e  a n t i -  
r e f l e c t i o n  s t acks ,  t h e  aluKinurn f i lm thickness ,  and t h e  
f i l m  thickness  monitoring procedure - 
V 
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I. Introduct ion 
P r io r  t o  th i s  inves t iga t ion ,  t h e  p o s s i b i l i t y  of 
designing and construct ing u l t r a v i o l e t  bandpass i n t e r -  
fe rence  f i l ters  containing a s i n g l e  metal  f i l m  had not  
been explored. 
long-wave r e j e c t i o n  c h a r a c t e r i s t i c s  and a narrower pass- 
band than the  conventional Fabry-Perot f i l t e r ,  it was 
decided t o  i n v e s t i g a t e  whether the "s ingle  metal  l ayer  
bandpass f i l ter" could be designed for the  u l t r a v i o l e t .  
Techniques for designing such f i l t e rs  w e r e  developed which 
would predict t h e  band width, maximum transmit tance,  con- 
t r a s t  and o the r  a t t r i b u t e s  of the  f i l t e r .  F ina l ly ,  f i l ters 
of  t h i s  type w e r e  constructed,  which exhib i ted  transmit-  
t ance  p r o p e r t i e s  close t o  those predicted. 
Since such f i l ters would have very desirable 
I n t e r e s t  i n  U l t r a v i o l e t  F i l t e r s  
0 
The u l t r a v i o l e t  region f r o m  2000 t o  3000 A w a s  opened 
t o  astronomical observat ion when rocket- and s a t e l l i t e -  
borne instruments w e r e  first r a i s e d  above the atmosphere. 
A great deai of interest was I=-- C l l t = l l  yclltsl atzd in L-nr3-- uaiiupuS S 
f i l t e r s  for the u l t r a v i o l e t .  Some of t h e s e  instruments 
1 
have u t i l i s e d  t h e  absorption i n  chemical so lu t ions ,  g l a s s  
f i l ters  and doped or  i r r a d i a t e d  c r y s t a l s .  l r 2  
v i o l e t  t ransmit tances  of  mater ia l s  commonly used i n  ab- 
so rp t ion  f i l ters w e r e  r ecen t ly  reviewed by Pell icori .  
The u l t r a -  
3 
I n  addi t ion  t o  astronomical appl ica t ions ,  f i l ters  
have been used t o  reduce t h e  s c a t t e r e d  l i g h t  i n  u l t r a -  
v i o l e t  spectrometers. Photochemical s tud ie s  o f t e n  use 
f i l t e r s  t o  provide t h e  required high luminous flux i n  t h e  
u l t r a v i o l e t  and low f l u x  i n  t h e  v i s i b l e .  
4 
586 
Prope r t i e s  of In t e r f e rence  F i l te rs  
To cons t ruc t  an absorption f i l t e r  with spec i f i ed  
wavelength, bandpass, and t ransmit tance requires mate- 
r i a l s  which t r a i i s m i t  t h e  dssired wavelength and absorb 
nearby wavelengths. An in te r fe rence  f i l t e r  can be designed 
t o  pass  a wavelength which is not  near t h e  o p t i c a l  ab- 
sorp t ion  edge f o r  any of  t h e  materials used i n  t h e  f i l t e r .  
S ince  t h e  wavelength of t h e  passband of an in t e r f e rence  
f i l t e r  is  determined by i ts  layer  thicknesses ,  t h e  pass- 
band of a p a r t i c u l a r  design may be continuously s h i f t e d  
i n  wavelength. This property i s  used i n  t h e  wedge f i l t e r  
with spectral c h a r a c t e r i s t i c s  which vary with t h e  p o s i t i o n  
on t h e  f i l t e r  surface.  
I -  
. 
In te r fe rence  f i l t e r s  are lightweight,  small ,  and 
compatible with o p t i c a l  equipment. While chemical absorp- 
t i o n  so lu t ions  should not be overheated or overcooled and 
are o f t en  enclosed i n  bulky, breakable l i q u i d  cells, 
in t e r f e rence  f i l ters are r e l a t i v e l y  i n s e n s i t i v e  t o  temper- 
ature and are e a s i e r  t o  mount i n  an o p t i c a l  system. 
Two Problems i n  Desiqninq an A l l - D i e l e c t r i c  Bandpass 
In t e r f e rence  Fi l ter  f o r  the Ul t r av io l e t  
0 
B e l o w  3000 A t h e r e  a re  f e w  t h i n  f i l m  ma te r i a l s  
which are o p t i c a l l y  t ransparent  and are not  degraded by 
exposure t o  humidity. Cryol i te ,  chioli te,  and magnesium 
f l u o r i d e  s a t i s f y  these  requirements and provide a selec- 
t i o n  of mater ia l s  having l o w  r e f r a c t i v e  index. Hoxever, 
a l l - d i e l e c t r i c  i n t e r f e rence  f i l t e r s  r equ i r e  t h e  use  of 
some high r e f r a c t i v e  index layers .  For such high index 
layers ,  one must resort t o  less commonly used materials, 
which usua l ly  have a s l i g h t  amount of o p t i c a l  absorption 
and are s e n s i t i v e  t o  humidi ty .  Honcia and Krebs have 
s tud ied  t h e  p rope r t i e s  of severa l  high index materials 
fo r  use i n  t h e  u l t r a v i o l e t .  I n  p a r t i c u l a r  they measured 
3 
the  o p t i c a l  p rope r t i e s  of PbF2, Sb203, B i 2 0 3 ,  and Te02. 
Blocking t h e  longer wavelength transmission bands 
4 
of an a l l - d i e l e c t r i c  i n t e r f e rence  f i l t e r  i s  o f t e n  ac- 
complished by using an absorbing subs t r a t e .  However, 
there are f e w  s u i t a b l e  substrate ma te r i a l s  which absorb 
i n  t h e  region above 3000 A while t r ansmi t t i ng  i n  t h e  
region below 3000 A. 
0 
0 
Fi l t e r s  Which Contain M e t a l  F i l m s  
Most of t he  commercially a v a i l a b l e  in t e r f e rence  
f i l ters  f o r  the u l t r a v i o l e t  contain two or m o r e  metal  
l ayers .  
- i.~., it does not  r equ i r e  another i n t e r f e rence  f i l t e r  o r  
an absorbing s u b s t r a t e  t o  r e j e c t  unwanted sidebands. High 
index dielectric ma te r i a l s  are not  needed i n  the  construc- 
t i o n  of these f i l t e rs .  
f i l t e r  i s  t h e  low transmit tance i n  the passband. 
This produces a f i l t e r  which i s  self-blocking, 
T h e  major disadvantage of such a 
Most common i s  t h e  evaporated Fabry-Perot f i l t e r ,  
which c o n s i s t s  of two m e t a l  l aye r s  separated by an eva- 
porated d i e l e c t r i c  spacer.  
on one s u b s t r a t e ,  gives  a f i l t e r  having three metal l aye r s  
a s  f irst  described by Geffcken.’ This design was i n v e s t i -  
gated a s  a bandpass f i l t e r  for t h e  u l t r a v i o l e t  by 
Schroeder. 
Stacking two of these f i l t e rs  
10 
I n  1957, Berning and Turner discussed a bandpass 
5 
11 
f i l t e r  design which contains a s i n g l e  m e t a l  f i lm.  
Although t h e i r  f i l ter  used s i l v e r  and w a s  tuned t o  5500 A, 
it w a s  ind ica ted  t h a t  t h e  concept was appl icable  t o  o the r  
spectral regions and metals. 
higher  t ransmit tance and a narrower passband than does 
t h e  conventional f i r s t -o rde r  Fabry-Perot f i l ter  using the 
same t o t a l  metal  thickness .  
0 
This type of f i l t e r  y i e l d s  
Berning and Turner ca l l ed  t h i s  type of f i l t e r  an 
induced transmission f i l ter .  Since w e  s h a l l  l a t e r  be 
considering f i l t e rs  having more than one m e t a l  f i l m ,  a 
genera l  no ta t ion  is  needed. 
number of metal l aye r s  it contains  and t h e  let ter "M." 
Thus t h e  induced transmission f i l t e r  which conta ins  one 
metal  l ayer  i s  a lM fi l ter .  S imi la r ly ,  t h e  Fabry-Perot 
f i l t e r  is  a 2 M  f i l t e r  and t h e  Geffcken f i l t e r  is  a 3M 
f i l ter .  
A f i l t e r  i s  designated by t h e  
t 
11. Theory 
The theory is  developed i n  t h i s  s e c t i o n  by which 
w e  can compute t h e  re f lec tance ,  t ransmit tance,  and o the r  
p r o p e r t i e s  of a f i l t e r  which c o n s i s t s  of  a s i n g l e  m e t a l  
l aye r  sandwiched between t w o  d i e l e c t r i c  s tacks.  It is  seen 
t h a t  t h e  t ransmit tance of such  a f i l t e r  depends markedly 
on t h e  p rope r t i e s  of the d i e l e c t r i c  s tack.  For example, 
0 
a f i l m  of aluminum with a physical  thickness  of 300 A 
deposi ted on a fused quartz  s u b s t r a t e  has  a r e f l e c t a n c e  
of 0.90, a t ransmit tance of 0.02 and an absorbance of  
0 
0.08 f o r  l i g h t  of  wavelength 2500 A .  The low transmit-  
t ance  i s  due t o  high r e f l ec t ance  more than it i s  due t o  
absorpt ion i n  t h e  f i l m .  I n  f a c t ,  the t ransmit tance of  
t h i s  aluminum f i lm  may be increased t o  0.64, i f  it is  an t i -  
r e f l e c t e d  by d i e l e c t r i c  stacks.  
Some i n s i g h t  is gained i n t o  t h e  a n t i r e f l e c t i o n  of 
a metal  f i l m  by first considering t h e  a n t i r e f l e c t i o n  of 
a bulk metal. Then t h e  equations for the t ransmit tance 
and energy flow of a s t ack  of  absorbing films a r e  computed 
from electromagnetic theory.  These p rope r t i e s  are theii 
computed as func t ions  of the f i l m  thickness  and o p t i c a l  
6 
7 
constants .  
A systematic technique for designing a bandpass 
f i l ter  which c o n s i s t s  of a metal l aye r  between t w o  multi-  
layer stacks is  i l l u s t r a t e d  i n  an example. 
The effect of a l t e r i n g  t h e  phase d ispers ion  of t h e  
a n t i r e f l e c t i o n  s t acks  i s  determined. 
w i t h  s tack  designs having both very high and very l o w  
phase dispers ion.  
Examples are given 
An t i r e f l ec t ion  of Bulk Substrates  
The a n t i r e f l e c t i o n  of bulk  subs t r a t e s  of aluminum 
and chromium w a s  reported by Lupashko and Sklyarevskii. 12  
Their a n t i r e f l e c t i o n  mul t i layers  w e r e  tuned t o  5600 A 0 and 
w e r e  of t h e  same type a s  used by Turner and Berning. I n  
Figure 1 a.  i s  shown a typ ica l  mult i layer  a n t i r e f l e c t i o n  
coat ing on a metall ic subs t ra te .  The quarter-wave s t ack  
has  been replaced i n  Figure 1 b. by an e f f e c t i v e  i n t e r f a c e  
a s  described by S. D. Smith. 13 
The r e s u l t  i s  an asymmetric Fabry-Perot f i l ter .  
One of t h e  mirrors i s  a mult i layer  and has no absorption, 
while t h e  o ther  is  the meta l l ic  subs t r a t e ,  which has  no 
transmission. 
t h e  spacer th ickness  i s  
The minima i n  reflectance will ~ c t u r  >:he_? 
n, n, - - - - -  REFRACTIVE IN DICES : 
Figure I o. Antireflection of o Metollic Substrots 
l -  
EFFECTIVE 
Figure I b. Replocement of the Quorter-wave Stock with on Effective 
i nierioce 
8 
9 
w h e r e  
quar te r  wave s tack ,  
s t r a t e ,  
length being considered, and 
t i o n  of the  d i e l e c t r i c  spacer. 
6 i s  t h e  phase change upon r e f l e c t i o n  a t  t h e  
&' is  the same a t  t he  me ta l l i c  sub- 
is  an i n t e g r a l  order number, x,is t h e  wave- 
nmis t h e  index of re f rac-  
The Fresne l  coe f f i c i en t  fo r  a me ta l l i c -d i e l ec t r i c  
i n t e r f a c e  is  
From t h i s  t he  phase change upon r e f l e c t i o n  a t  t he  sub- 
s t r a t e  i n t e r f a c e  is 
and the  r e f l ec t ance  a t  t h e  same i n t e r f a c e  i s  
10 
. 
w 
Assuming t h a t  m,,, i s  1.38 and Ns i s  0.20-i2.50, 
I 22 2- I 
w e  f i n d  t h a t  i s  5GXl degrees or €M$6 rad ians  and R i s  
0.90. 
s t ack  i s  either zero  or 7/ radians for l i g h t  of the design 
The phase change upon r e f l e c t i o n  a t  t h e  qua r t e r  wave 
wavelength,depending on whether the quarter-wave s tack  is  
terminated with a high or a l o w  index layer  next t o  t h e  
spacer.  Assuming t h e  f i lm  next t o  t h e  spacer i s  of high 
index and assuming t h a t  M is uni ty ,  t h e  spacer thickness  
for a n t i r e f l e c t i o n  i s  
0.42 1. LE? 
The o p t i c a l  thickness  i s  thus  G 2 3  
0 - 4  
o r  aboutnthree-quarters of a quarter-wave o p t i c a l  thickness .  
If the r e f l ec t ance  i s  t o  be close t o  zero i n  either of 
t h e  t w o  above cases, t h e  r e f l ec t ance  of t h e  t w o  Fabry-Perot 
11 
c 
mirrors must be near ly  equal as seen f r o m  t h e  spacer layer .  
Thus t h e  r e f l ec t ance  of t h e  quarter-wave s t ack  should be 
about 0.90. A quarter-wave s t ack  having a r e f l e c t a n c e  of 
0.90 must have many layers .  I f  we  can use  PbF which has 
an index of rer ' ract ion of 2.1  at 2537 4, as the high i~ciex 
material, t h e  stack would contain seven layers ;  i f  we  use 
ThF with an idex of  1.55, it would have twelve layers .  
The phase change upon r e f l e c t i o n  of a quarter-wave s tack  
v a r i e s  more r a p i d l y  than the phase change upon r e f l e c t i o n  
of a m e t a l  film. For t h i s  reason the minimum of reflec- 
tance i s  much narrower than it would be i n  a f i r s t - o r d e r  
Fabry-Perot f i l t e r  having metal films for t h e  mirrors. 
2 '  
0 
4 
Ant i r e f l ec t ion  of M e t a l  Films 
The pioneering work i n  t h e  a n t i r e f l e c t i o n  of m e t a l  
films w a s  done i n  1951 by F. Dow Smith14 f o r  i n t e r f e ro -  
m e t e r  p l a t e  coat ings.  
r e f l ec t ance  of the metal  films on t h e  in te r fe rometer  p l a t e s ,  
he was able t o  obta in  high con t r a s t  r e f l e c t i o n  f r inges  
Two 
By decreasing t h e  ou te r  surface 
a s  was m o r e  r ecen t ly  reported by Shkl ia revski i .  l5 
contain extensive theory per- 16,17 recent  papers by K a r d  
t a i n i n g  t o  increasing or decreasing t h e  transparency of 
metall ic f i lms ,  which w e r e  found too genera l  t o  be 
12 
u s e f u l  i n  t h i s  w o r k .  
The design procedure developed i n  t h i s  t h e s i s  d i f -  
fers f r o m  t h a t  of the "spacerless  f i l t e r"  approach developed 
by Turner, which r equ i r e s  recomputation whenever t h e  
design of  the a n t i r e f l e c t i o n  s t ack  i s  changed. I n  addi- 
t i o n  t o  obviat ing t h i s  recomputation, my design technique 
a f fo rds  i n s i g h t  i n t o  t h e  v a r i a t i o n  of the f i l t e r ' s  charac- 
terist ics when t h e  a n t i r e f l e c t i o n  s t acks  are altered. 
11 
Fundamental Considerations 
The computation of t h e  t ransmit tance and reflec- 
tance of a mul t i layer  involves t h e  so lu t ion  of  the wave 
equation with the  appropriate boundary condi t ions a t  
t h e  in t e r f aces .  The matching of t h e  E and €3 fields a t  
the i n t e r f a c e  between two media i s  f a c i l i t a t e d  by the  con- 
cept of admittance, w h i c h  was first appl ied t o  t h i n  f i l m  
In  t h i s  subsection t h e  admittance o p t i c s  by Leurgans . 18 
concept i s  developed from Maxwell I s  equations.  
M a x w e l l ' s  equations i n  the  Gaussian system of u n i t s  
19 a r e  
w h e r e  E,  D, H, B, J, and / have the  u s u a l  meanings, 
medium i n  which t h e  electromagnetic wave propagates is  
i s o t r o p i c  and homogeneous. 
The 
W e  assume a righthanded Cartesian coordinate  system 
and consider t h a t  the electromagnetic wave is po la r i sed  
with t h e  e l e c t r i c  vector  i n  t h e  x d i r e c t i o n  and i s  pro- 
pagat ing i n  the z d i rec t ion .  
t h e  wave equation follows: 
20 
As is  shown i n  many t e x t s ,  
14 
? 
The t w o  l i n e a r l y  independent so lu t ions  t o  th i s  
equation are 
I M where Np i s  t h e  complex index of r e f r a c t i o n  and d is%. 
The  first i s  a wave t rave l ing  t o w a r d  p o s i t i v e  z w h i l e  
the second is t r a v e l i n g  i n  the opposite d i r ec t ion .  
The quant i ty  < i n  t he  second equation r ep resen t s  the  rela- 
t i v e  phase of the t w o  waves a t  the o r i g i n  of t h e  coordinate  
system. 
If we  assume tha t  t h e  p o s i t i v e  t r a v e l i n g  wave i s  
the inc ident  wave and t h e  negat ively directed wave i s  t h e  
reflected wave, then the amplitude c o e f f i c i e n t  of reflec- 
t i o n  of t h e  electric f i e l d  i s  a funct ion of z, 
+ 
Note t h a t  within a nonabsorbing medium both Eo- and Eelp 
are constant ,  thus  Irl is  constant  while 4 ( 4 + + - p 6 & 2 ]  
v a r i e s  such t h a t  increasing z by 
change of Tr' . 
P 
I 
causes a phase +ip 
The boundary condi t ions for t h e  e l e c t r i c  and magnetic 
f ields are 
where t h e  subsc r ip t s  i n s i d e  t h e  parentheses  i n d i c a t e  the 
l aye r s  and t h e  ou te r  subscr ip t  i n d i c a t e s  t h e  i n t e r f a c e  
being considered. 
incidence,  only t h e  t angen t i a l  component of  the electric 
and magnetic waves would be matched. 
I f  w e  w e r e  not  considering normal 
We def ine  t h e  admittance, Y, as t h e  r a t i o  of the  
Then Y i s  t h e  magnetic t o  t h e  electric f i e l d  s t r eng th .  
same on e i t h e r  s i d e  of an interface as long as t h e  waves 
are inc iden t  normal t o  the  interface. The genera l iza t ion  
t o  nonnormal incidence i s  s t ra ightforward and i s  given 
elsewhere. For normal incidence t h e  total electric 
f i e l d  i s  
and the  t o t a l  magnetic f i e l d  i s  
B u t  from Maxwell's equations t h e  magnetic and electric 
f i e l d s  of  each of t h e  t r ave l ing  waves are related by t h e  
o p t i c a l  constant  of  t h e  m e d i u m :  
16 
17 
Thus 
. 
Dividing t h i s  equation by EQp t + [ A ( L u & - ~ ~ ? T ~ % ~ F ~ J  y i e l d s  
If w e  now de f ine  t h e  reduced admittance, y ,  by 
then, 
I- r 
? =  i + r  
(22) 
f r o m  which w e  can solve for  r as a func t ion  of y 
18 
1 -  
It i s  seen t h a t  the  r and y coordinates  are connected by 
a b i l i n e a r  transformation, Thus the s t r a i g h t  l i n e s  of 
constant  r e a l  or imaginary value i n  the  reduced admittance 
p lane  are transformed i n t o  circles i n  the  amplitude refiec- 
t i o n  c o e f f i c i e n t  plane,  as i l l u s t r a t e d  below. 
becomes 
W e  use t h e  convention that the phase of r is  measured 
counterclockwise from the p o s i t i v e  r e a l  ax is .  
Since the Y on opposite sides of an i n t e r f a c e  i s  
the s m , e ,  
(24 )  
This allows u s  t o  d e t e r m i n e  t h e  reduced admittance on one 
s ide  of an i n t e r f a c e  given the  admittance on the o the r  side 
of the  i n t e r f a c e  and given t h e  r a t i o  of the  t w o  ind ices .  
19 
Nonabsorbinq Films 
Consider a wave enter ing a t  normal incidence a 
mul t i layer  s t ack  cons i s t ing  of m homogeneous f i lms  of 
rc- 
phys ica l  thicknesses  and o p t i c a l  ind ices  N ~ = Y ~ ~ - A & ~  
where 3' is  t h e  number of the  f i lm.  The subsc r ip t ,  z f ,  
ranges from 1 f o r  t h e  first film t h e  wave encounters t o  
m f o r  t h e  l a s t  f i l m  before the  subs t r a t e .  The lef thand 
medium is  of o p t i c a l  constant Ne, while the righthand 
m e d i u m  i s  of o p t i c a l  constant A/s. Both of  these  t e r m i n a l  
m e d i a  are assumed boundless i n  t h e  z coordinate.  A l l  t h e  
l a y e r s  and t h e  terminal  media are considered independent 
of t h e  x and y coordinates ,  t h a t  is ,  their interfaces are 
p a r a l l e l  p lanes  of  i n f i n i t e  ex ten t .  It w i l l  be convenient 
i f  we  label the i n t e r f a c e  between the  2, t h  and the ( l ( + l ) t h  
f i l m  a s  the I f th  in t e r f ace .  The i n t e r f a c e s  thus  range from 
0 t o  m. 
Since t h e  righthand medium is  i n f i n i t e  i n  ex ten t  
t h e r e  can be no re turn ing  wave, t hus  t h e  s i n g l e  r i g h t -  
t r a v e l i n g  wave provides a reduced admittance of un i ty  i n  
t h i s  medium. From equation 24 we then see t h a t  
2 0  
1 .  
t 
w h e r e  t h e  subscript i n s i d e  the parentheses  ind ica t e s  t h e  
l a y e r  and t h e  outer  subscr ip t  i n d i c a t e s  t he  i n t e r f a c e  a t  
which t h e  reduced admittance is  being evaluated. 
A f t e r  determining the reduced admittance i n  the mth 
f i l m  a t  t h e  mth i n t e r f a c e ,  the amplitude r e f l e c t i o n  co- 
e f f i c i e n t  may be determined by simply p l o t t i n g  t h e  reduced 
admittance value on t h e  r plane using the transformed 
coordinate  system. The r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  o ther  
i n t e r f a c e  of t h e  mth layer  may then be determined. 
I 
The case of  t h e  absorbing f i l m  w i l l  be considered b e l o w .  
For t h e  nonabsorbing f i l m  t h i s  r ep resen t s  a reduct ion of 
t h e  phase of the r e f l e c t i o n  c o e f f i c i e n t  without changing 
i t s  amplitude. The reduced admittance i n  the mth f i l m  a t  
t h e  (m-1)th i n t e r f a c e  may then be read  i n  t h e  r plane f r o m  
t h e  transformed y axes. 
21 
The genera l  boundary matching equation may now be 
w r i t t e n  as 
(27) 
while  the genera l  equation for  determining t h e  amplitude 
r e f l e c t i o n  c o e f f i c i e n t  a t  t he  l e f t  i n t e r f a c e  of t h e  X t h  
f i l m  as a funct ion of t h a t  a t  t h e  r i g h t  i n t e r f a c e  of t h e  
same f i l m  i s  
Absorbinq Films 
If r is  t h e  amplitude r e f l e c t i o n  c o e f f i c i e n t  of 
j 
t h e  electric f i e l d  ( a s  determined i n  t h e  j t h  medium) due 
t o  t h e  j t h  i n t e r f a c e  and t h e  f i l m  s t r u c t u r e  t o  t h e  r i g h t  
of that  i n t e r f a c e ,  then the electric f i e ld  amplitude of 
t h e  wave t r a v e l i n g  t o  the  l e f t  a t  t h e  j t h  i n t e r f a c e  i s  
The t o t a l  electric f ie ld  a m p l i t ~ d e  ir, the jth film a t  a 
d i s t ance  d f r o m  the j t h  i n t e r f a c e  i s  thus  
(30 )  
If t h e  j t h  f i l m  thickness  i s  d then the total electric 
f i e l d  amplitude a t  t h e  ( j - 1 ) t h  i n t e r f a c e  i s  
j' 
where 4 = 2 l i rd% 
rrf the j t h  layer .  
i s  the  complex phase th ickness  
N 
I n  a medium of index  h/; t h e  magnetic f i e l d  ampli- 
tude of t h e  t r a v e l i n g  waves are 
23 
and 
Thus, 
In order to determine the admittance at one inter- 
face of an absorbing film in terms of that at the other 
interface, we revert to the definition of admittance. 
and substitute for the electric and magnetic field strengths, 
the expressions given in equations 31 and 34. Thus, 
24 
ijut from equation 20 
Dividing both numerator and denominator by 2 4 9 ) Y i e l d s  
: tc .  
I 
25 
or 
' 4-1 
T h i s  r e l a t i o n  i n  combination wi th  equations 27 and 
2 8  can be used t o  determine t h e  r e f l ec t ance  of a multi-  
l ayer  containing m e t a l l i c  f i l m s .  
The Single  Metal Layer F i l t e r  
I n  t h i s  s ec t ion  f i l t e rs  containing only one metal  
f i l m  sandwiched between two mult i layered dielectric stacks 
a r e  analysed. Using the  r e l a t i o n s  der ived above t o  evalu- 
a t e  the  energy i n t o  and o u t  of the metal  l aye r ,  t h e  poten- 
t i a l  t ransmit tance of the s i n g l e  m e t a l  l aye r  is derived. 
From t h i s ,  the maximum possible t ransmit tance i s  determined. 
These t w o  r e l a t i o n s  (equations 51  and 68) w e r e  ci ted w i t h -  
ou t  de r iva t ion  by Turner and Berning .) 11 
The r e l a t i o n s h i p  between the admittance of t h e  
matching s t acks  and t h e  t ransmit tance of t he  f i l t e r  i s  
der ived i n  order t o  obta in  a convenient design technique. 
This systematic  design technique i s  i l l u s t r a t e d  i n  an example. 
The maximum transmit tance and c o n t r a s t  of s i n g l e  
' .  
1 .  
metal layer f i l ters are dependent on the thickness and 
opt ica l  constants of the m e t a l  layer, This dependence is  
i l l u s t r a t ed  graphically below, 
Potential  Transmittance of a Metal Layer 
Our objective is  t o  determine the value of the 
Poynting vector a t  the t w o  interfaces of the j t h  film. 
These values correspond t o  the power flowing into and out 
of the metal f i l m ,  The Poynting vector averaged over one 
period of osc i l la t ion  is 19 
where E and H are the complex amplitudes of the  magnetic 
and e l ec t r i c  f i e l d  strengths and where & denotes "the 
r e a l  par t  of ,"  A t  the (j-1)th interface,  from equation 34 
we have 
Combining t h i s  equation with equation 3 1  g ives  
(45 1 
, w e  g e t  
27 
&. H Q =  
d-1 i - r  
Then 
To determine the Poynting vector a t  the other i n t e r -  
face of the j t h  f i l m  we  might set &!$ equal t o  zero i n  
the above expression o r  w e  may compute it direct ly:  
28  
29 
c 
. 
The r a t i o  of t h e  Poynting vector evaluated a t  t h e  j t h  
i n t e r f a c e  t o  t h a t  evaluated a t  t h e  ( j - 1 ) t h  i n t e r f a c e  is  
called t h e  p o t e n t i a l  transmittance.  
M a x i m u m  Transmittance A t t a i n a b l e  
W e  now w i s h  t o  show t h a t  t h e  contours of constant  
p o t e n t i a l  t ransmit tance a r e  c i r c l e s  i n  t h e  r plane.  
use t h e  tr igonometric i d e n t i t y  
If we  
then, 
. 
* *  
. 
t 
30 
Substituting 
q = u .  + i v  a a 
(54) 
(55) 
Setting the right side of the above equation equal to a 
31 
c constant, C, 
(56) 
t 
Separating t h i s  equation i n t o  t e r m s  involving powers of Ui 
and vi , 
- 
. 
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y i e l d s  
This can be w r i t t e n  i n  the  form 
which r ep resen t s  a circle  centered a t  
and of  r a d i u s  
For c equal t o  zero  t h i s  circle is centered at 
and i t s  r ad ius  i s  
I n  order  t o  determine the maximum p o t e n t i a l  t ransmit tance 
w e  examine the degenerate circle for w h i c h  the r ad ius  i s  
zero.  The denominator of t h e  expression f o r  the r a d i u s  
is always g r e a t e r  than zero,  s i n c e  both c andJ&tp(%?Z44)are 
less than uni ty .  
zero  r ep resen t s  the condition of zero  r ad ius .  
t e r m s  i n  powers of  C :  
Therefore s e t t i n g  the numerator equal t o  
Gathering 
. .  ‘ .  
Dividing by [I +(%TI gives 
I f  we  def ine 
C then t h e  s o l u t i o n  t o  equation 65 i s  
This is  the maximum p o t e n t i a l  t ransmit tance for t h e  j t h  
layer  and will be referred to  b e l o w  as 
35 
W e  def ine @- by 
t where t h e  negative s ign  i s  taken s ince  conservation of 
energy r equ i r e s  t h a t  
N o t e  t h a t  for either d o r  k equal t o  zero we  have, from 
equations 66 and 68 
j j 
/ f= 1.0 
(73) 
(74) 
From equations 66 and 68 w e  conclude t h a t  p- 
depends only on t h e  o p t i c a l  constants  of t h e  metal  f i l m  
and t h e  r a t i o  of i t s  physical thickness  t o  t h e  wavelength 
of the  l i g h t .  
(75) 
The value of r 
i s  obtained by s u b s t i t u t i n g  
for maximum p o t e n t i a l  t ransmit tance j 
p- i n t o  equation 60. 
t 
. .  ’ .  
37 
. 
From equations 75 and 76 w e  conclude t h a t  t h i s  
value of r depends on t h e  o p t i c a l  constants  of t h e  metal  
film and t h e  r a t i o  of i ts  physical thickness  t o  t h e  wave- 
length of t h e  l i g h t .  
j 
Admittance a t  t h e  Peak 
It is shown i n  t h i s  subsection t h a t  i n  order t o  
maximize t h e  t ransmit tance thrc?ugh a g ives  i w t a l l i c  f i l m ,  
it i s  necessary t h a t  t h e  admittances of t h e  a n t i r e f l e c t i o n  
s t acks  be equal when measured a s  shown i n  Figure 2 .  
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Figure 2. Geometry of the Single Metol Loyer Filter 
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. Equations a r e  der ived f o r  the admittance of t h e  s t acks  
which y i e l d  maximum transmittance,  
A s s u m e  t h e  admittance of t h e  right-hand s t ack  cor- 
responds t o  the maximum p o t e n t i a l  t ransmit tance and call 
it Y 
Pk' 
Then f r o m  equation 20 
Y. = q ( 1 - q )  
' a  (1 + r) a 
From the d e f i n i t i o n  of the  potential t ransmit tance 
i n  equation 5 1  
(80) 
and i s  independent of the s tack  t o  the l e f t  of the  j t h  
layer .  
metal  layer  can be adjusted to  reduce t h e  r e f l ec t ance  t o  
zero.  In  t h i s  case 
Berning proved'' that  t h e  s tack  t o  the  l e f t  of t h e  
r= Pi 
40 
W e  now assume a beam incident  normaily f r o m  t h e  
r i g h t  side. 
-- i . c .  nnly ---- cne 
Since t h e r e  L- The transmittance i s  still 
v a l ~ e  of r which corresponds t o  the maximum 
j 
p o t e n t i a l  t ransmit tance,  t h e  value of r for the  reversed 
beam i s  equal  t o  t h a t  for  t h e  beam from the r i g h t .  
fore,  the admittances of t h e  t w o  s tacks  a r e  equal.  
j 
There- 
Again tak ing  t h e  beam normally inc ident  f r o m  t h e  
l e f t ,  equation 42 may be used t o  f i n d  t h e  admittance a t  
t h e  l e f t  i n t e r f a c e  of t h e  j t h  f i l m .  
(82) 
The complete f i l t e r  can be analysed using the con- 
13 
cept  of e f f e c t i v e  in t e r f aces .  T h e  left-hand s t ack  i s  
taken a s  one of t h e  in t e r f aces ,  w h i l e  the  metal  layer  and 
the  s t a c k  on t h e  r i g h t  a r e  taken as  t h e  o ther  i n t e r f ace .  
The r e f l e c t a n c e  of t h i s  combination is zero i f  the admit- 
t ances  seen f r o m  the spacer are complex conjugate t o  one 
another.  Therefore,  
41 
t 
. 
jlf 
Y j - I  = u, 
where * denotes the iicomplex conjuga-e of." 
equations 78 ,  82 and 83: 
There 
(83 )  
ore from 
(84) 
Solving t h i s  equation for the r e a l  and imaginary parts 
of Y fixes the pos i t ion  of the transmittance peak on 
the admittance plane. In order to  accomplish t h i s ,  def ine 
Y = u + , v  SOQ 
G =  v7 - *  -44 k 
42 
Rewriting equation 84: 
[ b - A d  y i e l d s  Canceling t h e  u s  and multiplying by 
/ 
A 
Separating t h i s  i n t o  real and imaginary parts which a r e  
each set equal t o  zero: 
. 
Dividing t h e  first equation by o( and the second one by f l  
and separa t ing  them i n t o  powers of v and v, 
The d i f f e rence  between these  equations i s  
Solving f o r  v, 
Thus the  imaginary p a r t  o f  the  admittance a t  the peak is  
43 
Rearranging equation 92 y ie lds  an expression for the r e a l  
p a r t  of t h e  admittance a t  the peak. . 
(97 )  
I f  dis near ly  zero  and smaller than ,& , a m o r e  accurate  
value of 0, obtained f r o m  equation 93 is given by 
. 
, 
(98) 
Both O( and 
nonabsorbing or i t s  thickness i s  zero.  I n  e i t h e r  case 
t h e  value of y is  not  unique. 
a r e  i d e n t i c a l l y  zero  only when the f i l m  i s  
686 
Transmittance versus Admittance 
I n  t h e  foregoing subsection it was shown t h a t  i f  
L" , 1 1 ~ ~ ~ * , ~ ~ ~ =  AI.- -----L--r7 c,-,,,:cc,-A- -c CL- . .  
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f i l t e r ,  t h e  admittance of the  matching s t acks  must be equal.  
In  t h i s  subsection t h e  t ransmit tance of t h e  symmetrically 
44 
* .  .
matched lM f i l ter  i s  determined versus  t h e  admittance of 
t h e  matching s tacks .  mis is t h e  b a s i s  of t h e  computa- 
t i o n s  for t h e  design technique i l l u s t r a t e d  l a t e r  i n  t h i s  
thesis. 
If t h e  m e t a l l i c  f i lm is  sp l i t  i n  h a l f  and t h e  
f i l t e r  analysed as a Itspacerless Fabry-Perot, I' the t rans-  
mit tance of t h e  whole f i l t e r  is 22 
w h e r e  and R, are respec t ive ly  t h e  t ransmit tance and 
r e f l ec t ance  of  t h e  h a l f  f i l ters as seen from a re ference  
medium of a r b i t r a r y  r e f r a c t i v e  index. 
upon r e f l e c t i o n  has been represented by . I f  t h e  
The phase change 
admittance of t h e  f i l m  combinations on e i t h e r  s i d e  of  t h e  
metal f i l m  are assumed t o  be equal and designated as y ,  
then t h e  admittance of t he  ha l f  f i l t e r s  a s  seen from t h e  
re ference  medium is given by 
45 
46 
where 
(101) 
i s  the complex phase thickness of the metal layer before 
it was s p l i t  i n  ha l f  for analysis .  
e f f i c i e n t  of re f l ec t ion  seen  f r o m  the reference medium of 
unit  refract ive  index i s  thus 
The amplitude co- 
from which 
and 
~ 
47 
l 
where means Ilimaginary p a r t  of . I i  Using t h e  r a t i o  of 
t h e  Poynting vector  evaluations a t  t h e  t w o  i n t e r f a c e s  of 
t h e  metal  f i l m ,  w e  get 
(105 1 
where r i s  t h e  amplitude c o e f f i c i e n t  of r e f l e c t i o n  for 
t h e  electric f i e l d  a t  the boundary of t h e  metal  f i lm,  evalu- 
a t e d  i n  t h e  meta l ic  m e d i u m .  The argument of r 
Rewriting equation 2 0 ,  t h e  amplitude c o e f f i c i e n t  of 
ref lect ion is  given by 
j 
i s  pj. j 
Subs t i t u t ing  these  expressions i n t o  equation 99 determines 
t h e  t ransmit tance of the  complete f i l t e r  a s  a funct ion of 
of t h e  symmetrically matched 1M f i l t e r , o c c u r s  a t  t h e  
matching s t ack  admittance of Y 
A s  i s  shown i n  the next subsection, t h e  transmittance a t  
and is  equal t o  
Pk 
y- = 1.0 i s  a measure of the t ransmit tance a t  wave- 
B 
lengths  ou t s ide  t h e  passband and i t s  neighboring high 
r e j e c t i o n  zones. The r a t io  of the T t o  the transmit-  
t ance  a t  y =  1.0 is ca l l ed  t h e  con t r a s t .  
m a x  
J 
pk Graphical Presentat ion of T Contrast  and Y max' 
I n  order  t o  d isp lay  the  dependence on the  o p t i c a l  
cons tan ts  of t h e  me ta l l i c  f i lm of T and the c o n t r a s t  m a x  
as  w e l l  as the admittance at the peak, Y 
q u a n t i t i e s  w e r e  computed for an a r r ay  of optical  constants.  
t hese  three 
Pk' 
The computation was carried o u t  for  four  d i f f e r e n t  values 
of t h e  sca led  f i l m  thickness of t h e  metal  film, G ( / A  . 
The contours depicted i n  Figure 3 a. a r e  contours of con- 
s t a n t  Tmax for a scaled film th ickness  of 0.05 plotted 
on the  complex index of r e f r a c t i o n  plane.  The range of 
optical  cons tan ts  includes those of m o s t  metals i n  t h e  
u l t r a v i o l e t  spectral region. I n  Figure 3 b. are shown 
t h e  contours of constant  con t r a s t  for t h e  same thickness .  
N o t e  t h a t  although Tmax i s  i n  s o m e  regions very high,  the 
c o n t r a s t  is low t f i r o u g h ~ ~ t  the czrplex N plane.  
k 
0. I 
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Figure 3 a. Tmax Contours on the Complex N Plane for d 0.05X 
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Figure 3 b. Contrast Contours on the Complex N Plane for d = 0.05X 
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Curves of constant  Tmax and c o n t r a s t  p l o t t e d  i n  
t h e  same manner f o r  scaled f i lm thicknesses  of  0.10, 0.15, 
and 0.20 are shown i n  Figures 4, 5, and 6 respec t ive ly .  
The information contained i n  Figures  3 through 6 
i s  m o r e  convenientiy dispiayed i n  Figures  7 through 10, 
where an o p t i c a l  cons tan ts  g r i d  i s  p l o t t e d  on T versus  
c o n t r a s t  coordinates.  
th ickness  for t h e  metall ic f i lm,  these  f i g u r e s  determine 
the o p t i c a l  cons tan ts  required t o  give a f i l t e r  with 
des i r ed  T and c o n t r a s t .  On t h e  o the r  hand, i f  t h e  m e t a l  
t o  be used has  been determined and t h e  o p t i c a l  cons tan ts  
known, these  f i g u r e s  as w e l l  as Figures  3 through 6 can be 
used t o  determine the thickness  t o  be used. 
max 
Assuming a normalized phys ica l  
max 
With t h e  above s e t  of normalized film thicknesses ,  
t h e  complex value of  t h e  admittance a t  t h e  peak of t h e  
t ransmi t tance  funct ion,  Y was computed f o r  an a r r a y  of 
o p t i c a l  cons tan ts .  The a r r ay  of  values of Y so generated 
are shown i n  Figures  11 t o  14. For the  normalized f i l m  
th ickness  of  0.05 t h e  mesh is so condensed t h a t  only the 
o u t l i n e  may be drawn. Thicker f i l m s  expand t h e  mesh u n t i l  
a t  a normalized th ickness  of 0.20 a l a rge  por t ion  of t h e  
t h i r d  quadrant of t h e  r plane is  covered. 
Pk' 
Pk 
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Figure 4 a. Tmox Contours on the Complex N Plane for d = 0.IOX 
I 
k 
0. 
0.1 I 
n 
10 
Figure 4 b. Contrast Contours on the Complex N Plane for d = 0.IOX 
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Figure 6 b. Contrast Contours on the Complex N Plane for d = 0.20X 
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Figure 9. Complex N Mesh on Contrast versus Tmox Coordinates for 
d = 0.15X 
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Figure IO. Complex N Mesh on Contrast versus Tmax Coordinates for 
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. 
A more convenient set of f i g u r e s  is obtained i f  
these same meshes are p l o t t e d  on axes of r e f l e c t a n c e  and 
phase change upon r e f l e c t i o n  as shown i n  Figures 15 through 
18. 
A Systematic Des,qn Technique I l l u s t r a t e d  
I n  order t o  i l l u s t r a t e  the use of a systematic  
design technique f o r  a lM f i l t e r  w e  choose as an example 
a 300 A f i l m  of aluminum with 
wavelength of 2537 A. A contour m a p  of the t ransmit tance 
0 Ej = 0.195-i2.75 a t  a 
0 
func t ion  versus  is given on a Smith cha r t  i n  Figure 19. 
N o t e  t h a t  t h e  max imum t ransmit tance i n  Figure 19 i s  0.64 
and occurs a t  Y z O . 8 9  + i3.0.  
The most s t ra ightforward design f o r  an a n t i r e f l e c t i o n  
stack i s  a quarter-wave s tack  p lus  a phase-matching layer .  
The parametric p l o t  o f  the admittance versus wavelength 
of such a stack is shown i n  Figure 20. 
t h e  reg ion  of  t h e  peak o f  the t ransmit tance funct ion a t  
a wavelength of 2537 A.  A t  wavelengths above 3000 A t h e  
admittance of t h i s  s tack  i s  i n  t h e  region of v= 1.0, which 
czrrespcnds t o  h w  matching stack r e f l ec t ance .  
It passes  through 
0 0 
3 
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Figure 20. Parametric Admittance Plot for a Possible Matching 
Stack 
With t h e  a n t i r e f l e c t i o n  s tack of Figure 20 on one 
0 
side of t h e  300 A aluminum f i l m  and another of similar 
design admittance matching the aluminum t o  a i r  i n t e r f a c e ,  
t h e  t ransmi t tance  curve shown i n  Figure 2 1  is computed. 
Notice that the trans-mittaxe reaches Q.64 at 2517 A and 
is  approximately 0.02 a t  wavelengths above 3000 A. As  
0 
0 
would be expected, t h i s  c o r r e w n d s  t o  the  t ransmi t tance  
f o r  
between T and t h e  t ransmit tance a t  %.= 1.0 i s  a 
measure of the  con t r a s t  a t ta inable .  I n  t h i s  example, t he  
3 = 1.0 which from Figure 19 is  0.025. The r a t i o  
max 
computed c o n t r a s t  i s  26. 
F i l t e r s  Which Contain One  Alumi 'num Layer 
Our s p e c i f i c  i n t e r e s t  i s  d i r ec t ed  toward f i l t e r s  
f o r  t h e  u l t r a v i o l e t .  I n  t h i s  region,  aluminum is  the only 
t h i n  f i l m  ma te r i a l  with k high enough t o  provide both 
good c o n t r a s t  and reasonable t ransmit tance,  a s  can be seen 
from Figures  3 through 6. T o  show the  c h a r a c t e r i s t i c s  of 
u l t r a v i o l e t  filters w i t h  a s ing le  aluminum f i lm ,  computa- 
t i o n s  a r e  made a t  seven evenly spaced wavelengths from 
1600 t o  4000 A and for each of f i v e  f i l m  th icknesses  
from 100 t o  500 A. The q u a n t i t i e s  computed a r e  T 
0 
0 
max' 
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Figure 21. Computed Transmittance of a 1M Filter 
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(3 
c o n t r a s t ,  and f i n e s s e  angle, which i s  a measure of t h e  
k -1 ( c m  1 n 
bandpass of t h e  f i l t e r .  
The optical constants  assumed for  t h e  computations 
of Figures  22 through 25 were  obtained f r o m  Hunter23 and 
are presented i n  T a b l e  1 for t h e  wavelengths being 
considered. 
Table 1. 
O p t i c a l  Constants of Aluminum 
1600 62500 .0863 1 6248 
2000 50000 -1263 2.1617 
2400 41667 .1758 2 -6728 
2800 35736 .2342 3 1694 
3200 31250 .3OL5 3.6561 
3600 27778 . 3772 4,1352 
4000 25000 . 46 12 4.6077 
The value of T versus wavelength is shown i n  max 
Figr?re 22 in the ul t rav io le t  region from 1600 t o  4000 
f o r  f i l ters  containing a s i n g l e  aluminum f i l m .  The numbers 
on t h e  curves correspond t o  t h e  th ickness  of  t h e  aluminum 
71 
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Figure 22. Tmax versus Wavelength and d for Aluminum 
f i l m .  S imi la r ly ,  Figure 23 presents  t h e  c o n t r a s t  versus  
wavelength and aluminum f i lm th ickness  i n  t h e  lM f i l ter .  
As can be seen by r e f e r r i n g  t o  Figures  19 and 20, 
t h e  bandpass of t h e  LN f i l t e r  depends on t h e  phase d i s -  
pers ion  of  t h e  a n t i r e f l e c t i o n  stacks as w e l l  as t h e  shape 
of t h e  t ransmit tance peak i n  t h e  r plane.  Therefore, we 
cannot determine the  bandpass versus  wavelength and alumi- 
num f i l m  th ickness  f o r  an aluminum lM f i l ter .  However, 
a measure of t h e  bandpass i s  t h e  angle subtended a t  the 
o r i g i n  of  t h e  r p lane  by t h e  arc segment which passes a t  
cons tan t  amplitude through Y and is  i n s i d e  t h e  1/2(T ) 
t ransmit tance contour. Figure 24 a. i l l u s t r a t e s  how t h i s  
f i n e s s e  angle i s  defined. 
Pk maX 
A s s u m e  t h a t  the amplitude r e f l e c t i o n  c o e f f i c i e n t  
of t h e  a n t i r e f l e c t i o n  s tacks  may be represented by 
where 
If w e  set 
100 
t- cn a a 
I I 1 
2000 3000 
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Figure 23. Contrast versus Wavelength and d for Aluminum 
75  
Figure 24 
q+-- <- _-Le -  ->e<'-;" 3 
. "  u o  
a. Illustration of the Determination of the Finesse Angle 
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( 109) 
then  t h e  passband, - i.=., t he  f u l l  width a t  1/2(Tma) is 
and t h e  r e so lu t ion  obtainable is given by 
(111) 
The assumption of equation 103 is  good f o r  a n t i -  
r e f l e c t i o n  stacks of the type i l l u s t r a t e d  i n  Figure 20 bu t  
i s  q u i t e  poor for some stack designs (cf. Figure 31).  A s  
shown i n  Figure 24 b., t h e  arc represent ing  equation 103 
may c u t  t h e  1/2 (Tmw) contour t w i c e .  This corresponds t o  
a s i t u a t i o n  i n  which there a re  t w o  maxima, t h e  second 
m o r e  than h a l f  as high a s  t h e  first,  i n  which case  the 
f i n e s s e  angle i s  no t  a v e r y  u se fu l  concept. 
The values  of the f i n e s s e  angle,  determined graphi- 
c a l l y  for t h e  wavelengths and aluminum f i l m  thicknesses  
77 
a 
.I 
being a n s i d e r e d ,  are shown i n  Figure 25, The data cor- 
responding t o  an aluminum 100 A t h i c k  are no t  included 
because they r e s u l t  from a s i t u a t i o n  of t h e  type shown 
i n  Figure 24 b. and are so e r r a t i c  t h a t  they would confuse 
0 
Figure 2 5 ,  It shGuld be  r?ctec? that  fer the ant i re f lec t ion  
s t ack  i l l u s t r a t e d  i n  Figure 4 the magnitude of &, is 18.1 
rad ians  or 1040. degrees. 
U s e  of  t h e  Computed Charac te r i s t i c s  
To s h o w  h o w  Figures  22, 23 and 25 a r e  used i n  de te r -  
0 
mining the design,assume t h a t  t h e r e  is  need f o r  a 30 A band- 
pass  f i l t e r  a t  2000 R w i t h  a c o n t r a s t  g r e a t e r  than t h i r t y  
and a peak t ransmit tance above 0.10. From Figure 22 we 
note  t ha t  t h e  th ickness  of the  aluminum f i l m  must be less 
0 
than 550 A t o  g e t  a peak t ransmit tance above 0.10, while 
f r o m  Figure 23 a c o n t r a s t  g rea t e r  than 30. corresponds t o  
a th ickness  above 350 A. This g ives  us a range of f i l m  
0 
th ickness  t o  i n v e s t i g a t e  w i t h  respect t o  bandpass. 
Solving equation 107 f o r  t h e  f i n e s s e  angle a s  a 
func t ion  of t h e  phase dispers ion and t h e  des i red  reso lu t ion :  
d - 500% 
2000 3000 4000 
WAVELENGTH (1) 
Figure 25. Finesse Angle versus Wavelength and d for Aluminum 
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~ 
79 
Using t h e  above value of 18. rad ians  f o r  t h e  phase dis- 
pe r s ion  of  t h e  matching s tacks and t h e  specified resolu-  
t i o n ,  (2000/30) 3: 6 7 . ,  t he  maximum f i n e s s e  angle i s  
18. 
Finesse angle 4 6 ' 9  = 0.27 r ad ians  = 15.5O . 
The corresponding minimum fi lm th ickness  i n  Figure 25 is 
400 A. A reasonable compromise between t h i s  thickness  
and t h e  550 A mentioned above is  450 A, which provides 
t h e  following computed fea tures :  
0 
0 0 
= 0.32 
Illax 
T 
Contrast  I 66. 
Finesse angle = 12.O = . 2 1  r ad ians  
Resolution = 86. 
0 
Bandpass = 23. A 
These q u a n t i t i e s  are w e l l  wi th in  t h e  s p e c i f i c a t i o n s  
and should be obta inable  i n  p r a c t i c e .  
f i l m  i s  chosen from the  range 400-500 A because t h e  toler- 
ances on t h e  a n t i r e f l e c t i o n  s tacks are less s t r i n g e n t  f o r  
th inner  f i Ims . 
A r e l a t i v e l y  t h i n  
0 
80 
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Dependence on the Optical  Constants of the Aluminum 
I n  order t o  determine t h e  dependence of t h e  f i l t e r  
on t h e  o p t i c a l  cons tan ts  of the aluminum, refer t o  Figure 4, 
I n  the neighborhood of  A/ = . 1952.75,  which i s  t h e  index 
of r e f r a c t i o n  of aluminum a t  2537 A,  a change i n  n w i l l  
n o t  g r e a t l y  affect t h e  value of t h e  c o n t r a s t  and only 
s l i g h t l y  change T . In  t h e  same region,  a change i n  k 
0 
max 
w i l l  g r e a t l y  a l te r  t h e  con t r a s t  while s t i l l  only s l i g h t l y  
a f f e c t i n g  T . I n  Figure 26 a. t h e  2537 A isotransmit-  
t ance  contours are shown fo r  a 300 A film of aluminum 
which has i t s  va lue  of n increased by t e n  per cent  of i t s  
o r i g i n a l  value. 
a l l y  unchanged. The second part of Figure 26 shows t h e  
r e s u l t  of  decreasing k by ten per cent  of i t s  o r i g i n a l  
value. 
t h e  same peak t ransmit tance b u t  expands i n  such a manner 
t h a t  t h e  cmtrast  i s  decreased t o  h a l f  i t s  previous value. 
0 
max 
0 
The shape and s i z e  of t h e  peak a r e  e s sen t i -  
I n  t h i s  case t h e  peak r e t a i n s  i t s  shape and near ly  
Overmatchinq t o  Obtain Narrower Bandpass 
The transmit tance contours of Figures 19 and 26 
i n d i c a t e  t h a t  a narrower t ransmit tance peak would r e s u l t  
i f  t h e  parametr ic  admittance of t h e  matching s t acks  w e r e  t o  
CONTOUR VALUES 
0.75 x Tmm 
0.50 
0.25 
0. I O  
0.075 
0.050 
0.025 
0.0 I O  
0.0075 
0.00 50 
0.0025 
0.00 I O  
(Tmax 0.61 I 
Figure 260. 2537% lsotransmittance Contours for a 300% Film of 
Aluminum When n Is Increased Ten Percent 
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Figure 26b.  2537a lsotransmittance Contours for a 300& Film of 
Aluminum When k Is Decreased Ten Percent 
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bypass Y 
r plane. 
and might be designed by increasing t h e  number of per iods  
i n  t h e  quarter-wave s t acks  used as t h e  b a s i s  of an t i -  
r e f l e c t i o n  mult i layers .  
o f  periods i n  t h i s  manner t o  produce both overmatched and 
undermatched lM filters is shown i n  Figure 2 7 .  
matching y i e l d s  a narrower t ransmit tance peak with l i t t l e  
loss of peak transmit tance.  
a t  a greater d is tance  from t h e  o r i g i n  of t h e  
Pk 
Such a filter is ca l l ed  an overmatched lM f i l ter  
The r e s u l t s  of varying t h e  number 
Over- 
Resul t s  of Usinq Differen t  Matchinq Stacks 
It may be t h a t  the large number of l aye r s  i n  the 
Fewer l aye r s  design shown i n  Figure 2 1  i s  undesirable .  
would s u f f i c e  to reach Y 
high and low index ma te r i a l s  w e r e  increased. 
lengths  longer than 2300 A we can use PbF2. 
Honcia and Krebs 
of PbF2 which are given i n  T a b l e  2. 
i f  t he  mismatch between t h e  
A t  wave- 
Pk 
0 
The paper by 
0 is  the source of  t h e  optical  constants  
e 
. .  
30 
20 
IO 
0- 
W 
. 
- - 
- - 
- - 
I I I I I 1 
Figure 27. Tmax and Bandpass for Overmatched and Undermatched 
1M Filters 
. 
Wavelength Wavenuniber 
(3 ! (Cm -11 ! li 
84 
k 
T a b l e  2. 
' *  
1 
Optical Constants of PbF2 
2.50 0.040 2285 43750 
2352 42500 2.30 0.030 
2.08 0.015 2500 40000 
2666 37500 1.99 0.009 
2857 35000 1.93 0.004 
3333 30000 1.89 0 . 002 
1.78 0 . 000 4000 25000 
These o p t i c a l  constants  w e r e  used i n  t h e  computa- 
t i o n s  for Figure 28.of t h e  t ransmit tance of an aluminum 
f i l m  400 A t h i c k  w i t h  matching s t acks  composed of c r y o l i t e  
0 
and lead f luo r ide .  Although a broader t ransmit tance peak 
i s  expected when f e w e r  layers  are used i n  the matching s t acks ,  
t h e  peak i n  Figure 28 is  narrower than t h a t  i n  Figure 21 due 
t o  the increased aluminum thickness  as w e l l  as the d i s -  
pers ion  of t h e  o p t i c a l  constants  o f  PbF 2' 
t h e  onse t  of  absorption in the Dhm 
N o t e  a l s o  t h a t  
rids the filter or' t h e  
--* 2 
shor t e r  wavelength sidepeaks. 
85 
e 
I 
t X = 25378 
Io-' 
I o - ~  
WAVELENGTH (A) 
Figure 28. Transmittance of a 1M Filter Using PbFo as the High Index 
Mater io1 
I not iced t h a t  t he  sidepeaks of Figure 2 1  do not 
occur a t  t h e  same wavelengths as those of Figure 28. This 
suggested a hybrid f i l t e r  design using one of each of t h e  
t w o  types of  a n t i r e f l e c t i o n  s t ack ,  Such a f i l ter ,  shown 
i n  Figure 29, has less proneunced lcnger wavelength peaks 
than does t h e  f i l ter  o f  F igure  28. 
The matching s t acks  need not be of  t h e  conventional 
design used i n  t h e  preceding examples. 
o f  s tack ,  similar t o  a design due t o  B i g e l ~ n a i e r ~ ~  has t h e  
parametric admittance plot of Figure 30 a. 
through the region of t h e  peak very r ap id ly  a t  t h r e e  d i f -  
f e r e n t  wavelengths. The transmit tance of a 300 A aluminum 
f i l m  with such a s tack  on e i t h e r  side is shown i n  Figure 30 b. 
A d i f f e r e n t  type 
It passes 
0 
It i s  genera l ly  t r u e  t h a t  a nonabsorbing f i l m  combina- 
t i o n  which has  high phase dispers ion from one side w i l l  
have r e l a t i v e l y  low phase d ispers ion  when viewed from t h e  
o the r  s i d e ,  This i s  i l l u s t r a t e d  by Figure 31 a, i n  which 
t h e  above s t ack  i s  reversed. I n  t h i s  case t h e  admittance 
l i n g e r s  i n  t h e  region of t h e  peak f o r  almost 1000 A. This 
causes t h e  f i l t e r  using the  reversed s t acks  t o  e x h i b i t  one 
broad t ransmit tance peak r a the r  than t h e  three narrow 
peaks exhib i ted  i n  Figure 30 b. 
0 
I I I I I I 
w 
0 
A =  25378 
- 
n(P)= PbF2 - 
n(L)= 1.36 
n(H)=  1.55 
M = 3008 of AlE 
L' = 0.76L - - 
- 
- 
Figure 29. Hybrid 1M Filter's Computed Transmittance 
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F i l t e r s  Containins Two Aluminum L a y e r s  
Three types of f i l t e r  containing two aluminum 
laye r s  w i l l  be considered. The f irst  type i s  simply two 1M 
f i l ters  evaporated onto separate  subs t r a t e s .  I f  t h e  two 1M 
f i l ters  a r e  evaporated onto t h e  same s u b s t r a t e ,  w e  have t h e  
second type of f i l t e r .  The t h i r d  type has  s p e c t r a l  charac- 
ter is t ics  very d i f f e r e n t  f r o m  t h e  f i r s t  two, although it i s  
obtained from t h e  second by changing t h e  thicknesses  of only 
two of i t s  layers .  
The t ransmit tance of t h e  f i rs t  type of f i l t e r  i n  t h e  
region of t h e  passband should be t h e  square of t h e  t rans-  
mittance of a s i n g l e  lM f i l t e r .  However, t h e  t ransmit tance 
away from t h e  passband should be g r e a t e r  than would be pre- 
d i c t e d  i n  t h i s  manner; therefore  t h e  c o n t r a s t  i s  less than 
t h e  square of t h e  cont ras t  of t h e  s i n g l e  1M f i l t e r .  N o  c o m -  
puted t ransmit tance curves a r e  ava i l ab le  f o r  t h i s  type of 
f i l t e r ,  al though a measured t ransmit tance curve i s  shown i n  
t h e  following chapter.  
The computed t ransmit tance of t h e  second type of 
f i l t e r  i s  shown i n  Figure 32. The sharp t ransmit tance peaks 
a t  3000 A and 3600 R a r e  abou t  5 
not  be seen i n  p rac t i ce .  
0 
w i d e  and probably would 
. -  . .  
1 T,,,,,=O.37- 
- 
c 
c) 
W + 
3 a 
0 = Io-* 
0 
2000 
I 
n(L)= 1.36 
M = 3008 of AI  
H'= 0.73H 
c' = 0.76L 
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Figure 32. Computed Transmittance of Ganged 1M Filters 
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The t h i r d  type i s  an a n t i r e f l e c t e d  f o r m  of a f i l t e r  
f irst  described by Turner. 23 
t h i s  type of f i l ter  has very good r e j e c t i o n  near t h e  pass- 
band, which i s  narrower than obtained f r o m  t h e  conven- 
t i o n a l  Fabry-Perot with t h e  same order number. However, 
fu r the r  f r o m  t h e  passband t h e r e  a r e  many side3anda which 
are i n  f a c t  m o r e  h ighly  t ransmit t ing than t h e  passband. 
The t ransmit tance of a Turner f i l t e r  before and a f t e r  
Before a n t i r e f l e c t i o n ,  
modification i s  shown i n  Figure 33 .  Far from t h e  pass- 
band the t ransmit tance has been unaffected by t h e  an t i -  
r e f l e c t i o n .  The t ransmit tance i n  t h e  passband has  been 
improved g rea t ly .  I n  f a c t  it i s  now 0.34 as compared with 
a t h e o r e t i c a l  l i m i t  of 0.36 f o r  t w o  aluminum films 300 A 
th ick .  The t ransmit tance i n  t h e  high re ject ion zones next 
t o  t h e  passband has  been only s l i g h t l y  a f f ec t ed ,  causing 
t h e  con t r a s t  between the t ransmit tance peak and t h e  high 
r e j e c t i o n  region t o  increase an order  of magnitude. 
0 
= 2537% 3 n(H) = 1.55 C ( L )  = !.36 M = 300A of A\ L' = 0 . 7 6 L  
UNMODIFIED: 
MODIFIED: 
AIR, M L' (HLI7(LH)'L' M, SUB 
AIR,( HLfjL! M L' (HL)'(LH)' L' M L'(LH16, SUB 
I L  I --1 
--- UNMODIFIED - MODI FlED 
I 
I 1 
3000 
10-5 I 
2000 2 5 0 0  
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Figure 33. Theoretical Transmittance of  Modified and Unmodified 
Turner Fi I ters 
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U l t r a v i o l e t  in te r fe rence  f i l ters cons is t ing  of a 
s i n g l e  aluminum layer  sandwiched between t w o  d i e l e c t r i c  
a n t i r e f l e c t i n g  s t acks  were produced by evaporation of t h i n  
films i n  vacuum. The transmittance p rope r t i e s  of t hese  
experimental  f i l ters  p a r a l l e l  c lose ly  t h e  p red ic t ion  of 
theory.  
The equipment and procedures used t o  produce these  
f i l t e rs  are s i m i l a r  t o  those used f o r  t h e  production of 
conventional a l l - d i e l e c t r i c  i n t e r f e rence  f i l t e rs .  B e l o w  
i s  a brief desc r ip t ion  of apparatus and experimental  
methods used. 
Apparatus 
The equipment u t i l i s e d  i n  t h e  production and ana lys i s  
of the  f i l ters described l a t e r  i n  t h i s  t h e s i s  can be divided 
i n t o  f i v e  categories. The first category includes an 
u l t r a s o n i c  cleaner and a dust-free box used r e spec t ive ly  
t o  clean and s t o r e  subs t ra tes .  Next t h e r e  i s  t h e  vacuum 
chamber. An e l ec t ron  gun evaporation source with i t s  power 
supply i s  i n  t h e  t h i r d  c l a s s i f i c a t i o n .  The four th  category 
94 
95 
. 
. 
. 
i s  equipment which i s  required t o  stop t h e  evaporation when 
t h e  l aye r s  are of t h e  des i red  thickness.  It  includes an 
opt ical  monitoring system, t h e  assoc ia ted  e l e c t r o n i c s ,  and 
a manually operated shut te r .  L a s t  i s  the  scanning 
spectrophotometer with which t h e  t ransmit tance of t h e  com-  
p i e t e d  f i l t e r  i s  analysed. 
Since t h e  equipment i n  t h e  first and l a s t  ca tegor ies  
i s  of conventional design, it i s  not described i n  d e t a i l .  
Vacuum Equipment 
The vacuum chamber i s  a f ive-foot  t a l l ,  t h i r ty - inch  
diameter cy l inder  of s t a i n l e s s  s t e e l ,  evacuated by a ten- 
inch diameter d i f fus ion  pump with a r a t e d  speed of 1500 
l i ters  per second. A chevron b a f f l e  cooled by l i q u i d  
n i t rogen  helps  t o  prevent d i f fus ion  pump o i l  from migrating 
i n t o  t h e  vacuum chamber and contaminating t h e  f i lms .  A 
Rootes type b l o w e r  i s  used i n  series with t h e  forepump 
t o  decrease t h e  pumpdown t i m e .  
The system i s  provided wi th  a roughing l i n e ,  blower 
bypass l i n e ,  and valves  before and a f t e r  t h e  d i f f u s i o n  pump. 
Pressures  above Torr.  a r e  measured on a thermocouple 
gauge i n  t h e  f o r e l i n e ,  w h i l e  p ressures  b e l o w  10 Torr.  are 
measured on an ion gauge sealed i n t o  t h e  vacuum chamber w a l l .  
-3 
Electron Gun Evaporation Source 
The evaporation source i s  an e l e c t r o n  beam gun as 
shown i n  Figure 34. T h e  hairpin-shaped f i lament ,  a t  F i n  
t h e  diagram, i s  made of 0.04" diameter tungsten w i r e .  
Graphite e l ec t rode  A,  connected t o  one end of t h e  f i la-  
ment, i s  kept a t  approximately 5,000 v o l t s  negat ive,  while 
t h e  tantalum e lec t rode  B and t h e  c r u c i b l e  s t age  a r e  grounded. 
The s t rong e l e c t r i c  f i e l d  between e lec t rodes  A and 
B acce le ra t e s  t h e  e lec t rons  thermally emitted from t h e  
f i lament  i n  t h e  d i r e c t i o n  ind ica ted  i n  Figure 34. After  
leaving t h e  v i c i n i t y  of e lec t rodes  A and B,  t h e  5 kV elec- 
t r o n s  are def lec ted  by a magnetic f i e l d ,  produced by a co i l  
wound abou t  axis  C i n  t h e  diagram. The cu r ren t  i n  t h i s  
c o i l  i s  adjusted t o  d e f l e c t  t h e  e l ec t rons  through 180° so 
t h a t  they impinge on t h e  mater ia l  i n  t h e  c ruc ib le .  The 
barrel shape of t h e  magnetic f i e l d  due t o  t h e  placement 
of t h e  pole p ieces  D and D '  i n  Figure 34, causes t h e  elec- 
t r o n s  f r o m  t h e  ex t remi t ies  of t h e  f i lament  t o  be def lec ted  
toward a c e n t r a l  po in t  on the  crucible s tage.  The v-shaped 
beam about 1/4" wide h e a t s  t h e  ma te r i a l  i n  t h e  crucible. 
I f  s eve ra l  c ruc ib les  are placed on t h e  r o t a r y  c r u c i b l e  
stage, each m a y  be moved i n  t u r n  i n t o  t h e  e l ec t ron  beam. 
D' 
I I 
O 
Figure 34. Electron Gun Evaporation Source 
C r u c i b l e s  which contain the  aluminum are machined 
from HDA, a composite o f  boron n i t r i d e  and t i t an ium 
dibor ide ,  manufactured by t h e  National Carbon Company. 
This material  does not  r e a c t  with t h e  molten aluminum. 
Graphite c ruc ib l e s  are used t o  hold d i e l e c t r i c  evaporants,  
such a s  PbF2, ThF4, and c ryo l i t e .  
The p o w e r  requi red  t o  evaporate aluminum depends on 
t h e  shape and s i z e  of the c ruc ib l e .  A c r u c i b l e  with a 
l a r g e  sur face  area r a d i a t e s  hea t  rap id ly .  The o ther  major 
p o w e r  loss i s  due t o  hea t  conduction t o  t h e  base of t h e  
r o t a r y  crucible s tage .  Both t h e  r a d i a t i o n  and t h e  con- 
duction lo s ses  a r e  minimized i n  a crucible shaped l i k e  a 
wineglass with a t h i n  stem, as shown i n  Figure 34. 
Monitorinq System 
The o p t i c a l  monitoring system i s  shown schemati- 
c a l l y  i n  Figure 35. The lamps are low-pressure mercury 
vapor discharge lamps enclosed i n  #9823 g las s .  The enve- 
lope has  a t ransmit tance of 0.75 at 2537 and 0.85 a t  
wavelengths longer than 3000 A. 26 
m u l t i p l i e r  i s  operated a t  600 t o  800 v o l t s  bias with a load 
r e s i s t a n c e  of 0.15 t o  0.50 megohms. 
window and an S13 surface.  The discharge lamps and t h e  
An EMI #6255-B photo- 
It has  a quartz  end 
END-ON 
PHOTOM U LTI PL I E R 
TRANSMISSION 
SPHERICAL 
MIRROR 
SPHERICAL 
MIRROR 
Figure 35. Geometry of the Optical Monitoring System 
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photomult ipl ier  are mounted i n  water-cooled housings t o  
minimize thermal drift of t h e  monitoring s igna l ,  
aluminized m i r r o r  i s  mounted so t h a t  an image of t h e  
r e f l e c t i o n  monitoring lamp i s  formed on t h e  monitor plate. 
The l i g h t  reflected from the monitor plate i s  reimaged by 
a second aluminized mirror i n  t h e  aper ture  of t h e  f i l t e r  
holder ,  When used t o  monitor t h e  t ransmit tance of t h e  
monitor p l a t e ,  t he  second mirror images t h e  transmission 
source d i r e c t l y  i n  t h e  aperture  of t h e  f i l t e r  holder.  
A concave 
The monitor plates are  Supras i l  I d i s c s  1-3/16" i n  
diameter and 1/16" th i ck  and a re  f i n e l y  ground on t h e  back 
face t o  e l imina te  t h e  back sur face  r e f l e c t i o n .  
p l a t e  holder  has  a capaci ty  of e i g h t  such monitor p l a t e s  
and i s  mounted 30" above the  evaporation source on t h r e e  
ad jus t ab le  po in t s  which f a c i l i t a t e  i t s  alignment and guaran- 
tee t h a t  i t  does not s t r a y  f r o m  alignment as new monitor 
p l a t e s  a r e  brought i n t o  t h e  monitoring l i g h t  beam. The 
sur face  of t h e  monitor p l a t e  holder  i s  covered with 4 5 O  
f l u t e s  so t h a t  any monitor beam s t r i k i n g  it i s  not r e f l e c t e d  
toward t h e  photomult ipl ier .  
The monitor 
When t h e  monitoring system was f i r s t  used, a Schot t  
g l a s s  UG-2 absorption f i l t e r  eliminated t h e  visible s p e c t r a l  
l i n e s  of mercury a s  w e l l  a s  t h e  l i n e s  b e l o w  3000 8.  The 
I 
101 
e f f e c t i v e  wavelength of the monitoring system was the re fo re  
3400 A. Using t h i s  system, a conventional Fabry-Perot w a s  
made with t w o  aluminum f i l m s  and a magnesium f l u o r i d e  spacer,  
which t ransmi t ted  t e n  per cent  a t  2537 A and less than one 
per cen t  a t  3400 A .  
s t r a t e  and thus  t ransmit ted less than a t en th  of one per  
cent  throughout t h e  v i s i b l e .  This w a s  then used i n  t h e  
f i l t e r  holder ,  i s o l a t i n g  t h e  2537 A l i n e  while a bet ter  
f i l t e r  of t h e  1M type w a s  produced. 
0 
0 
0 
It was evaporated onto a UG-5 sub- 
0 
The block diagram i n  Figure 36 represents  t h e  elec- 
t r o n i c s  assoc ia ted  with the  monitoring system. 
cyc le  per second output of an audio frequency o s c i l l a t o r  
is amplified and serves  as t h e  dr iv ing  vol tage for t h e  l o w -  
p ressure  mercury discharge lamps. 
frequency is  twice t h a t  of t h e  dr iv ing  vol tage,  t h e  l i g h t  
produced i s  modulated a t  double t h e  frequency of t h e  audio 
os c i 1 1 a t  or . 
The 410 
Since t h e  discharge 
The s i g n a l  f r o m  t h e  photomult ipl ier  i s  divided by 
t h e  potentiometer,  t h e  u s e  of which w i l l  be d e t a i l e d  i n  
t h e  subsection on monitoring technique. A cathode follower 
then provides an impedance match t o  reduce t h e  capac i t i ve  
mL- &.-.--a ----I' lT\hC. =f t b m  c ; C l m 3 1  ir: t L r r  C LF L w a A A a A  e--+.- <-.I L a w i c i ) .  --l..l-- I I I G  L u l I c u  c u r i p i i -  
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doc.  background and other noise  present  i n  the  s i g n a l  f r o m  
the  cathode follower. The rect i f ied output  then d r i v e s  the  
str ip c h a r t  recorder  . 
Techniques 
The dtl rabi l i ty  and t ransmit tance properties of i n t e r -  
ference f i l t e rs  depend on t h e  techniques used  i n  i t s  pro- 
duction. For t h i s  reason, the method of cleaning subs t r a t e s ,  
monitoring f i l m  thicknesses,  and evaporating aluminum are 
described. 
Cleaninq of Subs t r a t e s  
The sur face  t o  be t h e  foundation of t h e  mul t i layer  
i n t e r f e rence  f i l t e r  must be clean and free of d u s t  particles.  
Adsorbed water,  o i l ,  or foreign mater ia l  of any s o r t  causes 
nonuniform adhesion of t h e  f i l m s  t o  the subs t r a t e .  Dust 
p a r t i c l e s  c l ing ing  t o  t h e  surface of a subs t r a t e  during 
evapora t im  produce p in  holes i n  the c m p l e t e d  f i l t e r ,  For 
these  reasons,  extreme c a r e  is taken i n  cleaning subs t r a t e s  
and i n  keeping t h e m  d u s t  f r ee .  
A f t e r  previous f i l m s  a r e  removed by using a m i l d  
NaOH so lu t ion ,  the s u b s t r a t e  i s  washed i n  a warm w a t e r  
so lu t ion  of Alcsnox. 'ine subs t r a t e  i s  then r in sed  thoroughly 
104 
. 
i n  t a p  water t w o  or three t i m e s .  
s t i l l  w e t  i n  a shallow dish of d i s t i l l e d  water.  This d i s h  
i s  f loa t ed  on t h e  water surface i n  an u l t r a son ic  generator .  
A f t e r  t e n  or m o r e  minutes, t h e  d ish  and contents  are re- 
moved to a dust-free box. I n  order n o t  t o  contaminate the 
s u b s t r a t e  with organic compounds or dus t  p a r t i c l e s ,  it i s  
manipulated with a g l a s s  holder fashioned from a g l a s s  
rod. Using t h i s  holder it i s  r in sed  i n  d i s t i l l e d  water 
and held a t  an angle for drying. A hand-operated rubber 
squeeze bulb is used t o  p u f f  gen t ly  down t h e  upper sur face  
t o  a i d  uniform drying. 
It i s  then placed w h i l e  
As the  substrate i s  drying, l i g h t  reflected f r o m  i t s  
sur face  i s  observed. I f  t h e  receding f i l m  of water does 
no t  d i sp lay  an in te r fe rence  f r i n g e  system w h i c h  uniformly 
r e t r e a t s  down the  surface,  then the subs t r a t e  i s  recleaned. 
The c lean ,  dry subs t r a t e  t y p i c a l l y  remains i n  t h e  
dust-free box for t h i r t y  minutes before  being placed i n  
the vacuum chamber. 
vacuum chamber more than f i v e  minutes before  t h e  pumpdown 
i s  s t a r t e d .  
Substrates  a r e  not  placed i n  t h e  
. 
Vacuum Prac t i ces  
In  order t o  obta in  an aluminum f i lm  with a high 
absorption constant ,  one should use r ap id  rates of eva- 
pora t ion  i n  a high-vacuum environment. 27 
s a r y  t o  obta in  a high vacuum i n  t h e  chamber and maintain 
it during t h e  r a p i d  evaporation of aluminum. Ion dis- 
charge cleaning i s  used t o  degas t he  chamber and clean 
the subs t r a t e s .  Premelting and outgassing t h e  aluminum 
diminishes the pressure  r ise  during the aluminum evapora- 
t i o n .  The l i q u i d  ni t rogen cooled chevron baffle i s  a 
cryogenic pump for w a t e r  vapor as w e l l  as an o i l  trap. 
A f t e r  the  chamber i s  evacuated t o  a pressure  of less than 
20 microns, argon i s  admitted through a needle valve i n  
t he  bottom of t h e  chamber. When the pressure  reaches 200 
t o  500 microns of argon as measured i n  t h e  f o r e l i n e ,  the  
needle valve is  adjusted t o  maintain t h e  argon pressure  a t  
50 microns for t h e  ion  discharge cleaning. The  p o w e r  sup- 
p l y  for t h e  e l ec t ron  gun serves also a s  t h e  source of t h e  
high negat ive discharge voltage,  w h i c h  i s  t y p i c a l l y  -3000 
v o l t s ,  producing a discharge cur ren t  of 50 mill iamperes.  
Pure aluminum w i r e ,  shielded from t h e  s u b s t r a t e s  a s  advised 
by Holland2' i s  used for the discharge cathode. A f t e r  f i v e  
It is  thus  neces- 
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t o  t e n  minutes of ion discharge cleaning,  t h e  needle valve 
i s  closed,  extinguishing the discharge when t h e  pressure  
drops t o  5 microns. 
Within f i v e  minutes a f t e r  opening t h e  d i f fus ion  pump 
t o  t h e  chamber, t h e  pressure is  less than 3 x lo-’ Torr. 
Before evaporation begins ,  the pressure  i s  less than 2 x 
10 T o r r .  and s o m e t i m e s  as low as 2 x 10 Torr. I n  order 
t o  minimize the pressure rise during the l a t e r  evaporation 
of aluminum, it i s  premelted and outgassed before the  
f i l t e r  i s  s t a r t e d .  
-5 -6 
Evaporation Procedure 
The amount of p o w e r  required t o  evaporate d i f f e r e n t  
dielectric ma te r i a l s  i s  n o t  e n t i r e l y  dependent on the m a t e -  
r i a l .  Powdered substances requi re  less power than the 
equivalent  granulated mater ia ls .  For example, c r y o l i t e  i n  
powdered f o r m  r equ i r e s  600 watts of beam power, while i n  
granulated f o r m  f r o m  Balzers it requ i r e s  850 w a t t s  t o  pro- 
duce the  same r a t e  of evaporation. I n  genera l ,  powdered 
materials have these  a d d i t i o n a l  disadvantages: they r equ i r e  
a l a r g e r  c ruc ib l e  t o  hold a given quan t i ty  of mater ia l ;  they 
contain i a rge  amounts of gas; and the e l e c t r o n  beam burrows 
i n t o  t h e  powder causing the evaporant stream d i s t r i b u t i o n  
I 
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t o  be nonuniform. In  order t o  reduce t h e  l a t te r  effect, 
t h e  beam i s  defocused s l i g h t l y  when powdered ma te r i a l s  are 
used. 
As shown i n  t h e  Theory sec t ion ,  c f .  Figure 4 ,  a 
s m a l l  decrease i n  t h e  absorption c o e f f i c i e n t  of t h e  m e t a l  
l y e r  res~.~lts  ir? a great decrease in the filter's contrast, 
I n  t h e  evaporation of aluminum, a high k may be obtained 
only through a very rapid evaporation of high-purity 
The  r a t e s  of  evaporation used aluminum i n  high vacuum. 
i n  making t h e  f i l ters described b e l o w  w e r e  between t h i r t y  
and one hundred angstroms per second. The  t o t a l  evapora- 
t i o n  of t he  aluminum layer  lasts f r o m  three t o  t e n  seconds. 
Aluminum of 99-99 per cent  p u r i t y  w a s  obtained i n  the f o r m  
of sheets 1/32 of an inch thick.  The aluminum i s  not etched 
or treated i n  any way prior t o  use .  The pressure  during 
t h e  evaporation i s  typ ica l ly  1.5 x 10 Torr. 
27 
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The rate of evaporation of the aluminum i s  not  
l i m i t e d  by the evaporation source or the monitoring system, 
b u t  by the shut te r ing  system- An operator of a manual 
s h u t t e r  cannot wi th  precis ion stop an evaporation l a s t i n g  
less than three seconds. 
A f t e r  the  aluminum has been evaporated and shut te red ,  
it i s  advisable t o  overcoat it with a p ro tec t ive  dielectric 
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l aye r  as soon as poss ib le  t o  prevent i t s  oxidation. How- 
ever ,  the  shu t t e r  arrangement w i l l  not  allow t h e  evapora- 
t i o n  of a dielectr ic  without unshut ter ing the  aluminum. 
Thus t h e r e  i s  a thirty-second delay while t h e  aluminum cools. 
Monitoring Technique 
The a r t  of monitoring layer  thicknesses  is  c e n t r a l  
t o  t h e  production of in t e r f e rence  f i l t e rs .  I n  making the 
lM f i l t e r  t h e  two most c r i t i ca l  layers  are the layer6  ,p;””e-zs 
.,, -d a 4  . These t w o  l aye r s  a r e  important 
because errors i n  their  deposit ion cannot be remedied by 
ad jus t ing  thicknesses  of succeeding layers. 
Since the  phase change upon reflection i s  more i m -  
po r t an t  than t h e  re f lec tance  of t h e  matching s t acks  (cf.  
Figure 12  o r  Figure 1 7 )  i n  the f i l ters  being constructed,  
it i s  advisable  t o  monitor the s tack  before  t h e  aluminum 
using a s i n g l e  monitor p l a t e .  I f  t h e  las t  layer  before 
the aluminum i s  of l o w  index, then the evaporation should 
be h a l t e d  when t h e  r e f l ec t ance  has  passed i t s  m i n i m u m  and 
i s  nea r ly  t o  i t s  maximum. 
versus  thickness  of t h i s  layer i s  represented by 
Assuming t h a t  t h e  r e f l ec t ance  
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Subs t i t u t ing  
= A + a s 7  B 
Since A i s  t h e  minimum value of t h e  r e f l e c t a n c e  and B i s  
t h e  d i f f e rence  between t h e  o r i g i n a l  and t h e  minimum re- 
f l ec t ance ,  a r u l e  of  thumb i s  t h a t  t h e  r e f l ec t ance  should 
be seven-eighths of t h e  way from a minimum t o  t h e  maximum. 
When using c r y o l i t e ,  an inhomogeneous film s e e m s  t o  be 
created, a s  was observed by Koppelmann. *’ This inhomogeneity 
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causes t h e  maximum t o  be lower than t h e  o r i g i n a l  value of 
t h e  re f lec tance .  For t h i s  reason, when using cryolite,  
t h e  f irst  maximum i s  passed and the  evaporation stopped 
a’nost t o  the second maximum. 
The aluminum layer  is then monitored i n  transmission 
off %he s a ~ e  or a d i f f e r e n t  monitor p l a t e .  I f  a d i f f e r e n t  
plate i s  used, t h e  previous monitor p l a t e  i s  also exposed 
t o  t h e  evaporation and is  then used i n  r e f l e c t i o n  t o  moni- 
to r  the l aye r s  w h i c h  f o l l o w  the  aluminum layer .  When the 
same monitor plate  i s  used as was used for the f irst  di-  
electric stack, the  transmittance r a t i o  before and a f t e r  
the m e t a l  film should be computed. A t y p i c a l  value for 
0 0 300 A of aluminum and a monitoring wavelength of 2537 A 
is  a t ransmit tance r a t i o  of four  t o  one. I f  a new monitor 
plate i s  used for the m e t a l  l aye r ,  the  t ransmit tance r a t io  
i s  roughly the  inverse of the  t ransmit tance a t  Y = 1.0,  
as shown i n  Figure 19. For the  same parameters t h i s  r a t i o  
i s  f o r t y  t o  one. 
Since the ampl i f ie rs  are not l i n e a r  over a range 
of f o r t y  t o  one, t h e  potentiometer i s  used t o  increase  the  
s i g n a l  i n t o  t h e  cathode follower by a known r a t i o  without 
changing any of the parameters of the system. The t rans-  
mit tance l i g h t  source i s  s t a b i l i z e d  and t h e  potentiometer 
, 
set a t  one- for t ie th  of i t s  f u l l - s c a l e  s e t t i n g .  
reading on t h e  tuned amplif ier  i s  noted. Then, when t h e  
aluminum i s  evaporating rap id ly ,  t h e  s h u t t e r  i s  opened and 
t h e  potentiometer switched to  f u l l  scale. 
fier m e t e r  i n i t i a l l y  reads  above f u l l  scale. The aluminum 
f i l m  then a t t enua te s  t h e  beam u n t i l  t h e  m e t e r  reading reaches 
t h e  previously noted value,  a t  which t i m e  t h e  f i l m  i s  t h e  
proper thickness  and t h e  evaporation source is  shut tered.  
I n  practice, although t h e  m e t e r  needle i s  moving r ap id ly ,  
t h e  t ransmit tance after completion of t h e  aluminum layer  
i s  usua l ly  wi th in  t e n  per cent of t h e  t a r g e t  value.  
The m e t e r  
The tuned ampli- 
The f i r s t  d i e l e c t r i c  layer  which i s  deposited on 
top of t h e  aluminum causes t h e  r e f l ec t ance  t o  decrease.  I f  
t h i s  i s  a low index layer ,  it i s  complete when t h e  reflec- 
tance reaches a maximum. The succeeding quarter-wave s tack  
i s  then evaporated,  stopping high index l aye r s  a t  minima 
and low index l aye r s  a t  maxima. 
when t h e  monitoring s i g n a l  is less than two per cent .  
might be noted t h a t  t h e  second s tack  i s  e a s i e r  t o  make than 
t h e  one before  t h e  aluminum laye r ,  because an error i n  
thickness  of any layer  is p a r t i a l l y  compensated by t h e  
This s tack  i s  complete 
It 
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Spec t r a l  Transmittance Measurement of t h e  F i l t e r  
The s p e c t r a l  transmittance of t h e  f i l t e r  i s  measured 
wi th in  an hour a f t e r  r e m o v a l  f r o m  t h e  vacuum system. This 
measurement i s  accomplished on a Cary Model 14 scanning 
spectrophotometer, with the f i l t e r  placed i n  t h e  center  
of t h e  sample hslder, normal t o  the l i g h t  beam, and with i t s  
coat ings toward t h e  l i g h t  source. 
used, t h e  beam i s  f/8 indicat ing a maximum angle of i n c i -  
dence of 3.5O. 
t e n  angstroms per second, however a lower speed i s  used t o  
determine t h e  half-width and peak t ransmit tance of a f i l t e r .  
I n  order  t o  measure a transmittance b e l o w  one per cent ,  a 
metal  screen i s  in se r t ed  i n  t h e  re ference  beam. 
With t h e  s l i t  height  
The wavelength scanning r a t e  i s  usua l ly  
The measured transmittance i s  not cor rec ted  f o r  t h e  
s l i g h t  absorption i n  t h e  subs t r a t e  or f o r  t h e  r e f l e c t i o n  
from t h e  back sur face  of the  subs t r a t e .  The l a t t e r  e f f e c t  
causes a decrease of t h e  measured peak t ransmit tance t o  
0.96 of i t s  t r u e  value,  while only s l i g h t l y  decreasing t h e  
background t ransmit tance.  
t o  correct t h e  t ransmit tance curves f o r  t he  s l i t  widths 
of t h e  spectrometer,  which cause the  band-width t o  be 
approximately 5 A .  
measured bandpass of a 50 A half-width f i l t e r  by less than 
2 A .  
Nor has  any attempt been made 
0 
This f i n i t e  bandpass would increase  t h e  
0 
0 
. 
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Observations 
A few observations were made during t h e  course of 
t h i s  work, which have not  yet been thoroughly considered. 
During t h e  i n i t i a l  heat ing of t h e  aluminum p r i o r  t o  begin- 
ning t h e  f i l t e r ,  it is  noticed t h a t  a scum f l o a t s  on t h e  
sur face  of t h e  molten aluminum. Upon f u r t h e r  heat ing,  t h e  
scum migrates toward t h e  edge of t h e  crucible away from 
t h e  fan-shaped e l e c t r o n  beam and disappears.  It i s  con- 
jec tured  t h a t  t h i s  scum i s  aluminum oxide,  and t h a t  it 
e i t h e r  evaporates or i s  dissolved i n  t h e  molten aluminum. 
While d i e l e c t r i c  mater ia ls  a r e  being evaporated,  t h e  
e l ec t ron  beam passing through the  vapor stream e x c i t e s  
s o m e  of t h e  a t o m s .  A s  might be expected, t h e r e  i s  a yellow 
glow around t h e  c ruc ib le  when c r y o l i t e ,  Na A l F 6 ,  i s  being 
evaporated. This yellow glow i s  presumably due t o  t h e  
sodium yellow resonance l i n e s .  Thorium f l u o r i d e  produces 
a pa l e  b lue  glow and lead f luo r ide  g ives  a b r i g h t  b lue  
emission. 
3 
If t h e  o p t i c a l  l eve ls  a r e  being exc i ted ,  then it i s  
reasonable t o  expect t h a t  some of t h e  vapor is  being ionized. 
Although t h e  average energy of t h e  ions  i s  expected t o  be 
t h r e e  orders  of magnitude l o w e r  than t h a t  of t he  e l ec t rons ,  
t h e  ions '  charge t o  m a s s  r a t i o  is a l s o  t h r e e  orders  of magni- 
tude l o w e r  than t h a t  of the  e l ec t rons .  These ions . should  
then be de f l ec t ed  by t h e  magnetic f i e l d  i n  an a r c  having 
about t h e  same rad ius  of curvature a s  t h e  e l e c t r o n s '  trajec- 
tory .  However, t h e  expected nonuniformity i n  vapor d i s t r i -  
bu t ion  has  not been observed. 
Resul t s  
The only poss ib le  t e s t  of t h e  f e a s i b i l i t y  of a 
f i l t e r ' s  design i s  t h e  production of such a f i l ter  and com-  
par i son  of i t s  measured with i t s  computed properties. 
t h i s  sec t ion  t h e  f e a s i b i l i t y  i s  demonstrated of t h e  alumi- 
num lM f i l t e r  designed as  an u l t r a v i o l e t  bandpass f i l t e r .  
Four f i l t e r s  a re  descr ibed,  t w o  of which follow c l o s e l y  
t h e i r  p red ic ted  s p e c t r a l  t ransmit tance curves.  An example 
i s  given of a f i l t e r  which was poorly monitored, y ie ld ing  
l o w e r  peak t ransmit tance and a wider passband than computed, 
I n  another case,  t h e  e f f e c t  of using lead  f l u o r i d e  and a 
th i cke r  aluminum f i l m  i s  shown. The r e s u l t  of using i n  
series two 1M f i l t e r s  deposited on separa te  subs t r a t e s  i s  
a l s o  i l l u s t r a t e d .  
I n  
F i r s t  i s  shown a f i l t e r  which was monitored using 
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Figure 37. Measured Transmittance of a Poor 1M Filter Sample 
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t w o  separa te  monitor plates. The f i r s t  s tack  was monitored 
on one p l a t e ,  while t h e  300 A aluminum f i l m  and second match- 
ing  stack w e r e  monitored on another monitor p l a t e .  
measured t r a n s m i t t a n c e  and design of t h i s  f i l t e r  are shown 
i n  Figure 37, Its peak t ransmit tance i s  much l o w e r  than 
t h e  pred ic ted  0.64 and i t s  bandpass does no t  compare favor- 
ably with t h e  computed value of 65 A. Both t h e  breadth of 
t h e  peak and f a i l u r e  t o  reach T are thought t o  be due 
t o  a n t i r e f l e c t i o n  s t acks  which a r e  not  tuned to t h e  same 
wavelength (. 
0 
The 
0 
max 
The spectral transmittance shown i n  Figure 38 i s  a 
better example of what can be produced with a 1M f i l t e r  
design. This is e s s e n t i a l l y  t h e  same f i l t e r  a s  shown i n  
Figure 37, except t h a t  it was produced using only one moni- 
tor  p l a t e .  The peak transmittance of 0.55 and passband of 
65 A compare w e l l  with t h e  t h e o r e t i c a l  values  of 0.64 and 
65 A; however, t h e  con t r a s t  is only twelve compared with 
t h e  pred ic ted  twenty. It  i s  conjectured t h a t  t h i s  d i s -  
crepancy is  due t o  a t e n  per cent  decrease i n  t h e  absorp- 
t i o n  constant  of t h e  aluminum, due t o  t h e  condi t ions i n  
t h e  chamber during t h e  evaporation. 
0 
0 
Note t h a t  t h e  peak transmittance of the  filter SCCUTS 
0 0 
a t  2620 A r a t h e r  than a t  the  2537 A monitoring system 
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Figure 38. Measured Transmittance of on Experimental 1M Filter Using 
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wavelength. 
introduced by a monitoring system which operates  a t  an 
angle of incidence of 15O, The rest of t h e  s h i f t  i s  due 
t o  inaccuracies  i n  monitoring, which inva r i ab ly  y i e l d  th i cke r  
d i e l e c t r i c  l aye r s  than desired,  r e s u l t i n g  i n  a s h i f t  of 
t h e  peak toward longer wavelengths. 
Half of t h i s  s h i f t  i s  due t o  t h e  angle s h i f t  
The f i l t e r  shown i n  Figure 39 is  made using PbF a s  
2 
0 t h e  high index mater ia l  and an aluminum f i l m  400 A th ick .  
The m a x i m u m  t ransmit tance and bandpass compare w e l l  with 
t h e  values obtained from a computation i n  which t h e  s l i g h t  
absorption and d ispers ion  of t h e  lead  f l u o r i d e  w e r e  taken 
i n t o  account. N o t e  t h e  a b s e n c e  of sho r t  wavelength side- 
peaks due t o  t h e  onset of absorption a t  2300 A i n  t h e  PbF 
From Figure 22 w e  see t h a t  the maximum transmit tance of a 
f i l t e r  which contains  a 400 A l ayer  of aluminum, and i s  tuned 
t o  2537 A,  i s  0.35. 
the.0.20 i n  t h e  computed curve of Figure 39 i s  due t o  t h e  
absorption i n  t h e  lead f luor ide .  
aluminum f i l m  thickness  used, t h e  f i n e s s e  angle read from 
Figure 25 i s  1 2 . O  or 0 . 2 1  radian.  
computed phase d ispers ion  of t h e  s t ack  of Figures 20 and 38 
which conta ins  ThF4 as t h e  high index ma te r i a l ,  w e  ob ta in  
0 0 a bandpass of 29 A ,  which i s  considerably l o w e r  than t h e  55 A 
0 
2 '  
0 
0 
The d i f fe rence  between t h i s  f i g u r e  and 
For t h e  wavelength and 
Combining t h i s  with t h e  
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Figure 39. Transmittance of an Experimental 1M Filter Using PbF, as 
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# 
bandwidth of Figure 39. 
t h e  index of r e f r a c t i o n  of t h e  lead f l u o r i d e ,  t h e  bandpass 
I f  it were not  f o r  d i spers ion  of 
0 0 would be about 60 A ,  ins tead  of t h e  observed 55 A .  I n  
summary, both t h e  th i cke r  aluminum f i l m  and t h e  d ispers ion  
of t h e  lead f l u o r i d e  tend t o  narrow t h e  t ransmit tance peak, 
w h i l e  the  decreased number of films i n  t h e  matching s t acks  
tends  t o  broaden t h e  t ransmit tance peak and t h e  absorption 
i n  the lead  f luo r ide  decreases the  peak t ransmit tance and 
w i p e s  ou t  the shor t  wavelength sidepeaks. 
I n  Figure 40 i s  shown t h e  spectral t ransmit tance ob- 
t a ined  when t w o  lM filters simultaneously deposited on 
separa te  subs t r a t e s  are viewed i n  series. Each of the 
1M f i l t e rs  has  a 300 2 f i l m  of aluminum and u s e s  thorium 
f luor ide  a s  t h e  high index mater ia l  and c r y o l i t e  a s  t h e  l o w  
index material. There a r e  no computed t ransmit tance curves 
for t h i s  arrangement, although the  s p e c t r a l  t ransmit tance 
i s  expected t o  be c l o s e  t o  t h a t  given i n  Figure 32, which 
has  a peak t ransmit tance of 0.36, a bandpass of 40 A and 0 
a contrast  over four  hundred. The experimental  r e s u l t s  are 
much less spec tacular ,  exhib i t ing  a maximum transmit tance 
of 0.10, a bandpass of 35 A and a c o n t r a s t  of near ly  one 
hundred. The decreased transmittance and bandpass a r e  prob- 
ab ly  due t o  too t h i c k  a n  aluminum layer  i n  t h e  1M f i l t e rs .  
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Figure 40. Measured Transmittance of Tandem 1M Filters Using 
ThF, as the High Index Material 
I V .  CONCLUSIONS 
. 
A systematic technique f o r  t h e  design of: handpass 
f i l t e rs  having only one metal l ayer  was developed and its 
use i l l u s t r a t e d  i n  an example. Second, graphs w e r e  drawn 
of t h e  maximum transmit tance and c o n t r a s t  which can be 
a t t a i n e d  with a 1M f i l t e r ,  as a funct ion of t h e  o p t i c a l  
cons tan ts  and thickness  of the  metal l ayer .  
Third,  f i l t e r s  containing aluminum w e r e  designed 
and constructed.  
from which t h e  maximum transmittance,  c o n t r a s t ,  and band- 
pass  can be determined, versus wavelength for seve ra l  
aluminum thicknesses.  
Computed c h a r a c t e r i s t i c  curves w e r e  drawn, 
I n  addi t ion  t o  t h e  t h e o r e t i c a l  considerat ion of t h e  
lM f i l t e r s ,  t w o  o ther  types of f i l t e r  which contain t w o  
metal  l ayers  were considered. The f i r s t  i s  e f f e c t i v e l y  
t w o  1M f i l t e r s  evaporated onto t h e  same subs t r a t e .  I ts  
bandpass is  s l i g h t l y  less than t h a t  of t h e  1M f i l t e r ,  
while i t s  peak transmittance and c o n t r a s t  a r e  t h e  square 
of those of  t h e  1M f i l t e r .  Although it has many l aye r s ,  
it should not  be too  d i f f i c u l t  t o  cons t ruc t ,  provided one 
has  crucibles l a rge  enough t o  hold t h e  amount of ma te r i a l  
requi red  t o  evaporate t h e  seventy l aye r s .  The second type 
12 2 
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i s  obtained by adding o r  subt rac t ing  a qua r t e r  wave f r o m  
the two l aye r s  next t o  t h e  i n t e r n a l  aluminum in t e r f aces .  
This "modified Turner design,"  as it i s  c a l l e d ,  has the  
same number of l aye r s  a s  t h e  first type, b u t  would be much 
more d i f f i c u l t  t o  m a k e .  I t s  bandpass is  about one t e n t h  
t h a t  of t h e  1M f i l t e r ,  while i t s  t ransmit tance and con t r a s t  
a r e  near ly  the same a s  those of t h e  first type. 
J 
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V, SUGGESTIONS FOR FUTURE WORK 
SeveE suggestions come t o  mind concerning the 
development of t h e  theory of f i l ters containing m e t a l  
l aye r s  and t h e  improvement of t h e  apparatus and techniques 
used i n  producing t h e  f i l ters  described above. 
By designing an a l l - d i e l e c t r i c  s tack  which l i n g e r s  
i n  t h e  r p lane  near t h e  transmittance peak, a broad band 
t ransmit tance f i l t e r  could be made. S imi la r ly ,  one could 
make l i m i t e d  range high- or low-pass s i n g l e  m e t a l  l ayer  
f i l t e r s  . 
Second, a narrow band t ransmit tance f i l t e r  could be 
made t o  t ransmit  only one po la r i sa t ion .  
funct ion i n  a manner s i m i l a r  t o  t h a t  of the MacNeille 
The design would 
This design r equ i r e s  an incidence angle 30, 31 p o l a r i s e r .  
of about 45 degrees f r o m  a medium of index of r e f r a c t i o n  
1.50. Therefore,  ' the  f i l t e r  wou ld  be evaporated on t h e  
face of a p r i s m  and another p r i s m  cemented onto  it. It 
i s  not  clear a t  t h i s  po in t  t h a t  one could design or produce 
a broad band u l t r a v i o l e t  filter-polariser i n  t h i s  way, bu t  
it warrants inves t iga t ion .  
An automatic correct ion technique could be used t o  
124 
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improve t h e  designs shown above. 
admittance matching of t h e  aluminum f i l m  would produce a 
f i l t e r  with l o w e r  bandpass or reduced sidebands. 
It may be t h a t  asymmetric 
Fourth,  i n t e r f e rence  f i l t e r s  containing t w o  absorb- 
The con- ing  l aye r s  should be considered m o r e  thoroughly. 
vent iona l  Fabry-Perot f i l t e r  as w e l l  as t h e  Turner va r i a t ion  
of it have been t r e a t e d  i n  the l i t e r a t u r e  and have des i r ab le  
c h a r a c t e r i s t i c s .  
w i l l  produce more desirable effects w h i l e  using only t w o  
m e t a l  f i l m s  i n  conjunction w i t h  many d i e l e c t r i c  layers .  
But it seems p laus ib l e  t h a t  other  designs 
Although t h e  modified Turner f i l t e r  described above may not 
be f e a s i b l e  i n  production, simpler forms with f e w e r  per iods 
i n  t h e  i n t e r n a l  high r e f l e c t i o n  s tacks  should be producible.  
Since powdered mater ia l s  provide so many disadvant- 
ages,  it i s  suggested t h a t  they be fused p r i o r  t o  use .  
Vacuum fusion,  vacuum d i s t i l l a t i o n ,  or zone r e f i n i n g  of 
t h e  materials t o  be evaporated may a l s o  be worthy of t h e  
t i m e  and expense involved. 
S ix th ,  i f  aluminum is t o  be evaporated i n  less than 
t h r e e  seconds, automated electromechanical shu t t e r ing  i s  
necessary.  Some a t t e n t i o n  might a l s o  be f r u i t f u l l y  given 
t o  an inves t iga t ion  c;f the effsct of etching the aluminum 
p r i o r  t o  u s e  and t h e  value of g e t t e r  pumping t o  obtain a 
~~ 
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l o w e r  oxygen pressure  during the aluminum evaporation. 
F ina l ly ,  a l l  of t h e  experimental work i n  t h i s  thesis 
w a s  accomplished with a monitoring system wavelength of 
2537 g. The transmit tance of t h e  f i l t e rs  w a s  thus  f ixed  
t o  t h e  region near 2600 A.  If one is t o  eventua l ly  make 
f i l ters  for t h e  vacuum u l t r a v i o l e t  region,  he should have 
a v a r i a b l e  wavelength monitoring system. This might involve 
t h e  use of the continuum of a discharge lamp a s  the source 
of l i g h t  and a vacuum u l t r a v i o l e t  monochrometer a s  a 
var i ab le  wavelength f i l t e r .  
0 
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